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This book is dedicated to the memory of Dr. George A. Orr, a dear friend and colleague.
George was a talented and creative scientist who set very high standards for himself
and expected the same from his collaborators. He loved to share concepts and ideas,
and many of us had the privilege of interacting and collaborating with him. He
inspired and encouraged many young scientists and stimulated them to do their best
work. About his own accomplishments, he was extremely humble.

George did his undergraduate and PhD studies at Queen’s University, Belfast,
N. Ireland. His postdoctoral work was done with Dr. Jeremy Knowles at the University
of Oxford and then at Harvard University. George came to the Albert Einstein College
of Medicine as an assistant professor in the Department of Molecular Pharmacology in
1978 and rose through the ranks to become a full professor in 1989.

George had many scientific interests but he was particularly dedicated to the develop-
ment and application of new technologies to enhance our insights into the mode of
action of drugs. His participation in the field of microtubule pharmacology and pro-
teomics has opened new avenues of research to all of us. He is sorely missed.
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PREFACE

I want to thank all who contributed to this first edition for their hard work and
professionalism, and especially for their patience. I hope the readers will find this
volume as helpful as I have found it. 

There is no doubt that the family of proteins we call the tubulins and the microtubules
that they form when they aggregate are extremely important in the cell and, as we are
increasingly learning, important in diseases that afflict so many. This field of investiga-
tion is a testament to how important both basic and clinical sciences are in understanding
disease mechanisms and making inroads into therapies. Without the basic science
knowledge that has been accumulated, to which the authors of this work have contributed
greatly, we would not be in the position we find ourselves of increasingly understanding
disease and advancing therapies. As I read the chapters, I was humbled to think of the
insights that so many have contributed to this field, and again became aware of how the
collaborative effort of so many is needed to understand the complexities of nature. By
working together, many have helped to advance this field. Because of their efforts, we
find ourselves with the wealth of knowledge contained in this book. This knowledge
gives us so much insight even as it challenges us to continue working. Thanks again to
all of the wonderful collaborators for their excellence and their patience.

Tito Fojo, MD, PhD
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1 An Overview of Compounds 
That Interact with Tubulin and Their
Effects on Microtubule Assembly

Ernest Hamel
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OR BY BINDING IN THE COLCHICINE SITE OR THE VINCA DOMAIN
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SUMMARY

Over the last quarter of a century new classes of compounds that interfere with cell
division as a result of binding to tubulin αβ-dimers, oligomers, or polymers have been
described with seemingly ever-greater frequency. The cytological hallmark of tubulin
interactive agents is the accumulation in drug-treated cell cultures of a high proportion of
cells that appear to be arrested in mitosis. These cells have condensed chromosomes, no
nuclear membrane, and a deformed or absent mitotic spindle. Flow cytometry for DNA
content demonstrates large numbers of tetraploid (G2/M) or even octaploid cells.

Key Words: Tubulin; taxoid site; laulimalide site; tubulin alkylation; colchicine
site; vincer domain.

1. INTRODUCTION

Antimitotic agents vary widely in molecular structure, even among compounds that
appear to interact in the same binding region of tubulin, and represent natural products
obtained from a wide variety of organisms, synthetic compounds, and synthetic analogs
of the former. Antitubulin compounds range in complexity from the simple sulfhydryl
reagent 2,4-dichlorobenzyl thiocyante (MW, 204) to the macrocyclic polyether hali-
chondrins and spongistatins (MWs > 1100). The current interest in drugs that interact
with tubulin is a result in large part of the clinical importance of the taxoids paclitaxel
and docetaxel as anticancer agents (1,2), but also to the possibility that additional agents
might overcome resistance to antimitotic therapy, have reduced toxicity in patients,
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and/or that antitubulin drugs used in combination might have synergistic clinical bene-
fit, as has been repeatedly observed in cell culture studies (3–17). Moreover, drugs that
interact with tubulin are useful in the treatment of parasitic diseases of humans and ani-
mals (18), and colchicine remains important as a treatment for familial Mediterranean
fever and occasionally for other inflammatory conditions (19).

2. COMPOUNDS THAT INDUCE TUBULIN ASSEMBLY BY BINDING
AT THE TAXOID OR LAULIMALIDE SITES

Currently, there are at least five well-described modes by which antimitotic agents
interact with tubulin. In the first two modes, the compound is believed to bind with high
affinity to polymerized tubulin vs the αβ-tubulin heterodimer. There are at least two
polymer-based binding sites, to which drugs can bind, and this discussion will be
restricted to the lead compounds, all of them natural products, with substantial cytotoxic
activity (arbitrarily defined as yielding reported IC50s less than 50 nM). There are now
eight such natural products.

The best described of the two binding sites is that to which paclitaxel (20) binds (21).
Besides paclitaxel, natural products known to bind to the taxoid site are epothilones A
and B (22,23), discodermolide (24,25), eleutherobin (26,27), cyclostreptin (also known
as FR182877) (28–31), and dictyostatin 1 (32–34). The structures of these compounds
are shown in Fig. 1. The first publication describing the assembly promoting properties
of paclitaxel appeared in 1979 (20), and it was not until 1995 that a paper describing
additional assembly inducing compounds, epothilones A and B, appeared (22).

The assembly promoting properties of laulimalide (structure in Fig. 2) were initially
described in 1999 (35). Laulimalide has been shown to bind to a different site than the taxoid
site on tubulin polymer (36). The evidence for a different site for laulimalide is its failure
to inhibit the binding of taxoids to tubulin polymers, its stoichiometric incorporation with
paclitaxel into polymer (36), and its ability to act synergistically with paclitaxel in promoting
tubulin assembly (37). A second assembly promoting compound, peloruside A (38) (structure
shown in Fig. 2), has been found to bind at the same site as laulimalide. Peloruside A
does not inhibit taxoid binding to polymer but does inhibit laulimalide binding (39).

These eight natural products lead to the hyperassembly of microtubules of enhanced
stability in cell free reaction mixtures. Typically, assembly reactions can occur under
conditions where there is normally little or no tubulin polymerization: at reduced tem-
peratures, in the absence of GTP, in the absence of microtubule-associated proteins or
another assembly promoting reaction component (such as glycerol or glutamate), and at
reduced tubulin concentrations. These properties indicate hypernucleation of assembly,
and consistent with this conclusion is the routine observation that the microtubules
formed with drug are shorter and more abundant than microtubules formed without
drug. Microtubules formed in the presence of drug are also resistant to disassembly
induced by cold temperatures, dilution, or Ca2+. In all cases studied thus far, assembly
promoting compounds bind to tubulin polymer stoichiometrically (i.e., in an amount
equivalent to the tubulin content of the polymer; for e.g., see ref. 36). In cells, assembly
promoting drugs cause formation of abnormal spindles in mitotic cells (those with con-
densed chromosomes), whereas in interphase cells the drugs cause increased numbers
of misorganized microtubules that are typically shorter and bundled as compared with
the microtubule cytoskeleton of control cells.

2 Hamel
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3. COMPOUNDS THAT INHIBIT TUBULIN ASSEMBLY BY ALKYLATING
β-TUBULIN OR BY BINDING IN THE COLCHICINE SITE OR THE

VINCA DOMAIN

Drugs interacting with tubulin by the other three well-described mechanisms all
inhibit microtubule assembly. These agents either alkylate tubulin amino acid residues,
bind in the colchicine site, or bind in the vinca domain. As a general rule, in cells treated
with compounds that inhibit tubulin assembly, microtubules disappear. At lower drug
concentrations, mitotic cells display abnormal spindles, whereas at higher concentrations
there is no spindle at all. The microtubule network in interphase cells becomes progres-
sively sparser until it completely vanishes as the drug concentration increases.

Highly specific covalent bond formation with tubulin amino acid residues, generally
cysteines, occurs with at least four compounds that arrest cells in mitosis (structures in
Fig. 3). Alkylation of Cys-239 of β-tubulin alone causes loss of tubulin’s ability to poly-
merize. The covalent interaction of 2,4-dichlorobenzyl thiocyanate with tubulin occurs
at multiple cysteine residues, but Cys-239 of β-tubulin is the most reactive (40). The
reaction with Cys-239 eliminates the ability of tubulin to assemble into polymer but has
much less effect on the ability of tubulin to bind either colchicine or GTP. The IC50 of
2,4-dichlorobenzyl thiocyanate for inhibition of growth of two cell lines was in the
200–500 nM range (41).

Subsequently, 2-fluoro-1-methoxy-4-pentafluorophenylsulfonamidobenzene (T138067)
(42) was shown to react exclusively with Cys-239. T138067, which has structural analogy
to colchicine site drugs, inhibits the binding of colchicine (structure shown in Fig. 4) to
tubulin, and colchicine inhibits the covalent interaction of T138067 with β-tubulin. The
IC50s of T138067 with a number of cell lines were in the 10–50 nM range.

Originally, 4-tert-butyl-[3-(2-chloroethyl)ureido]benzene, an arylchloroethylurea, was
also thought to react exclusively with Cys-239, and 4-tert-butyl-[3-(2-chloroethyl)ure-
ido]benzene was cytotoxic toward several cell lines in the low micromolar range (43).
Newer analogs (44) have somewhat improved cytotoxicity and alkylate β-tubulin in cells
more rapidly. However, subsequent work has shown that this class of drugs alkylates intra-
cellular tubulin at Glu-198 of β-tubulin (45).

Finally, the natural product ottelione A (RPR112378) (46) inhibits tubulin polymer-
ization and reacts with a single tubulin cysteine residue, which has thus far not been
identified. Ottelione A also inhibits colchicine binding to tubulin and is a structural analog

4 Hamel

Fig. 2. Structures of laulimalide and peloruside A.
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of colchicine site drugs. It is the most cytotoxic of the sulfhydryl reactive drugs, with
an IC50 in human epithelial (KB) cells of 20 pM.

Unlike T138067 and ottelione A, most antimitotic drugs that inhibit colchicine binding
to tubulin do not alkylate the protein. They seem to bind at a common site on β-tubulin
close to the interface between the α- and β-subunits (47), and colchicine analogs with
chloroacetyl groups attached to the A ring alkylate both Cys-239 and Cys-354 of 
β-tubulin (48,49). These compounds tend to be relatively simple structurally, compared
with those inducing assembly or binding in the vinca domain, but are nevertheless struc-
turally diverse. They include both natural products such as podophyllotoxin (50),
steganacin (51), the combretastatins (52), 2-methoxyestradiol (53), flavones (54–56),
and the curacins (57) (examples are shown in Fig. 4) and a wide variety of synthetic
compounds, such as carbamates (58–60), heterocyclic ketones (61), and benzoylpheny-
lureas (62). The examples of synthetic colchicine site compounds shown in Fig. 5 are
only a small sample of the number of agents that have been reported. As inhibitors of
cell growth, colchicine site drugs generally yield IC50s in the low nanomolar to midmi-
cromolar range.

Besides binding to unassembled αβ-tubulin dimer, colchicine, and assumedly other
drugs that bind in the colchicine site, has a limited ability to enter microtubules. Small
amounts of the tubulin–colchicine complex will copolymerize with tubulin free of drug,
and the colchicine remains bound to the microtubules (63,64). This would indicate that
the colchicine site on tubulin is not entirely masked or obliterated in the polymer.

The only colchicine site ligand readily available in a radiolabeled form is colchicine
itself. The binding reaction of colchicine to tubulin has a number of unusual properties
(65) that most other drugs that bind at the colchicine site do not share. The binding inter-
action does not readily occur on ice, and becomes progressively more rapid at tempera-
tures in the 20–40°C range. Once bound, the dissociation of colchicine from tubulin is
extremely slow, so that the binding is sometimes described, incorrectly, as irreversible.
In contrast, most of the colchicine site drugs with which the author’s laboratory has
worked bind readily to tubulin in the cold and readily dissociate. Thus, the extent of inhi-
bition observed can be highly variable, depending not only on reaction time and temper-
ature, but more importantly on the relative binding and dissociation rates of colchicine
and the potential inhibitor. In at least two cases (66,67), the author’s laboratory initially
concluded that a new class of synthetic molecules bound at a “new” site on tubulin, only
to find that modification of reaction conditions (68) or synthesis of stronger analogs
(unpublished data) revealed that the agents bound weakly to the colchicine site.

The last group of drugs with a relatively well-defined mechanism for interacting with
tubulin bind in a region described as the “vinca domain.” Almost all of these compounds
inhibit the binding of vinblastine and vincristine to tubulin, but different inhibitory pat-
terns are obtained when data are evaluated by the “classic” methods used in enzyme
kinetics (Lineweaver-Burk and Hanes analyses). Both competitive and noncompetitive
patterns occur. Thus, the author proposed that the vinca domain contains both the vinca
site, where the competitive inhibitors bind, and nearby sites, where noncompetitive
inhibitors bind. The strong inhibition observed with many noncompetitive inhibitors
was postulated to derive from their interfering sterically with the vinca-binding site as
a result of the close proximity of the different binding sites (69).

Drugs that bind in the vinca site itself are shown in Fig. 6. These include (1) the vinca
alkaloids themselves, exemplified by vinblastine and vincristine, which competitively

Chapter 1 / Overview of Compounds That Interact with Tubulin and Their Effects 7
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inhibit each other’s binding to tubulin (69,70); (2) the maytansinoids, exemplified by the
plant product maytansine (69,71,72) and the fermentation products ansamitocins P-3
and P-4 (73); (3) the fungal macrolide rhizoxin (69); and (4) the myxobacterial macrocy-
cle disorazol A1 (74–76). It should be noted that, in contrast to the competitive inhibi-
tion the author has observed with maytansine and rhizoxin vs vincristine or vinblastine
(69,72), Takahashi et al. (77) interpreted their binding data as indicating maytansinoids
and rhizoxin bound at a common site on tubulin distinct from the vinca alkaloid-bind-
ing site. IC50s of these compounds against a variety of cell lines range from 0.5 to 1
nM for maytansine to 20–40 nM for vinblastine. There is evidence that the vinca site,
like the colchicine site, persists to a limited extent in microtubules, both at ends of
microtubules and along their length. Binding of vinblastine to microtubules has been
demonstrated to occur at a restricted number of αβ-tubulin dimers in the polymer
(78,79). The vinblastine site has recently been shown to be formed not by a single αβ-
tubulin heterodimer but by the α-subunit of one heterodimer and the 
β-subunit of a second dimer (80), consistent with the isodesmic tubulin assembly reac-
tion induced by the drug (81) and with an early photoaffinity labeling study (82).

Noncompetitive inhibitors of vinca alkaloid binding to tubulin can be viewed as
falling into two structural classes, macrocyclic polyethers and peptides/depsiptides. The
former group is the smaller and consists of two families of complex molecules, the hali-
chondrins (72,83) and the spongistatins (70,84), the latter also known as the altohytrins
(85). The most thoroughly studied member of each of these families in terms of inter-
actions with tubulin are halichondrin B (72) and spongistatin 1 (70,84). These com-
pounds are shown in Fig. 7, together with a simpler analog of halichondrin B, NSC
707389 (86), which is presently in clinical trials as an anticancer agent. Both halichon-
drin B and spongistatin 1 inhibit the binding of radiolabeled vinblastine to tubulin in a
noncompetitive manner (70,72). In addition, spongistatin 1 is a noncompetitive inhibitor
of the binding of one of the peptide antimitotics, dolastatin 10, to tubulin (70). As dolas-
tatin 10 is itself a noncompetitive inhibitor of vinca alkaloid binding to tubulin (69), this
suggests that the vinca domain may consist of at least three distinct drug-binding
regions. The macrocyclic polyethers are highly cytotoxic, with low picomolar IC50s
obtained with the most potent spongistatins (70).

The larger structural class of compounds that probably bind in the vinca domain is a
structurally varied group of antimitotic peptides and depsipeptides. These molecules are
all natural products, and their common feature is that they all contain highly modified
amino acid residues. They are derived from a wide variety of organisms, and they display
a wide range of cytotoxic activity (low micromolar IC50s obtained with the phomopsins
and ustiloxins; low picomolar IC50s obtained with the most active cryptophycins and
tubulysins—see ref. 87 for additional details). The peptides and depsipeptides will be
divided here into two groups, those that have been shown to inhibit vinca alkaloid bind-
ing (Fig. 8) and those that have not (Fig. 9).

Strong inhibition of vinblastine, vincristine, and/or rhizoxin binding to tubulin has
been observed with the fungus-derived agents phomopsin A (88) and ustiloxin A (89);
with the marine agents dolastatin 10 (69), hemiasterlin (90), and vitilevuamide (91);
with the cyanobacterial agent cryptophycin 1 (92–94); and with the myxobacterial agent
tubulysin A (95). The related compound, tubulysin D, is more cytotoxic than tubulysin
A (96), and the absolute configuration of the former compound was recently established (97).

10 Hamel
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Fig. 7. Structures of macrocyclic polyethers that inhibit the binding of vinblastine to tubulin.



For the structures shown in Fig. 8, the author has assumed that the chiral centers are
identical in tubulysins A and D. Noncompetitive inhibition of vinblastine or vincristine
binding by Lineweaver-Burk analysis or by the related Hanes analysis has been shown
for phomopsin A (69), dolastatin 10 (69) and a synthetic analog (98), hemiasterlin (90),
vitilevuamide (91), and cryptophycin 1 (93).

12 Hamel

Fig. 8. Structures of peptides and depsipeptides that inhibit the binding of vinblastine and/or vin-
cristine to tubulin. The configurations of the chiral centers for tubulysins A and D are as proposed by
Höfle et al. (97) for tubulysin D.



The synthesis of radiolabeled dolastatin 10 (99) permitted ready evaluation of the
interaction of an additional antimicrotubule drug with tubulin. Kinetic analysis of
inhibitory effects of a number of vinca domain drugs has indicated that spongistatin 1
is a noncompetitive inhibitor of dolastatin 10 binding to tubulin (70), whereas an 
analog of dolastatin 10 (70), cryptophycin 1 (93), hemiasterlin (90), and phomopsin A
(unpublished data) are competitive inhibitors.

Figure 9 shows the structures of three additional peptides and depsipeptides.
Dolastatin 15 (100) and diazonamide A (101), both marine products, have no apparent
inhibitory effect on the binding of vinblastine to tubulin. Recent experiments with

Chapter 1 / Overview of Compounds That Interact with Tubulin and Their Effects 13

Fig. 9. Structures of a depsipeptide and two peptides that have not been reported to inhibit vinca alka-
loid binding to tubulin or have been shown not to affect vinca alkaloid binding (see text).



radiolabeled dolastatin 15 demonstrated that the compound bound weakly to tubulin,
with an apparent dissociation equilibrium constant of about 30 μM. The binding of
dolastatin 15 to tubulin was inhibited strongly by dolastatin 10, phomopsin A, halichon-
drin B, and maytansine; moderately by vinblastine and vincristine; weakly by crypto-
phycin 1; and not at all by a potent analog of dizaonamide A. These results suggest
dolastatin 15 does bind weakly in the vinca domain but leave the binding site of diazon-
amide A still unknown (102).

The last peptide shown in Fig. 9 is the plant product celogentin C (103). It
inhibits microtubule assembly and is the most potent inhibitor among a growing
number of structurally related peptides. Thus far, no data have been published
describing the effects of any of this group of peptides either on vinca alkaloid bind-
ing to tubulin or on cell growth.

4. SUMMARY

In summary, tubulin is the primary target of a large and ever-growing number of
small molecules. Their mechanisms of interaction with the protein are varied. As
new agents are discovered, the complexity of interactions of drugs with tubulin only
seems to increase. In particular, the simultaneous binding of laulimalide and pacli-
taxel to polymer revealed an unexpected new dimension to drugs that induce tubu-
lin assembly; and it is becoming increasingly more difficult to rationalize the
binding of the structurally diverse antimitotic peptides and depsipeptides to a sin-
gle, well-defined site on the tubulin molecule. Finally, cyclostreptin has been shown
very recently to react covalently with two amino acid residues of β-tubulin (III),
Thr–218 and Asn–226, providing new insights into the mechanism of drug binding
to the taxoid site.
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SUMMARY

Here the molecular mechanism of antimitotic drugs, biological compounds that
bind to tubulin and microtubules and suppress microtubule dynamics are reviewed. A
common feature of tubulin-interacting compounds is that binding to tubulin is linked to
assembly, either the stabilization of a microtubule lattice by compounds like the tax-
anes and epothilones, or the induction of alternate, nonmicrotubule polymer forms.
The nonmicrotubule polymers arise from tubulin heterodimers or at microtubule ends
with compounds like colchicine, vinca alkaloids, dolastatin, and cryptophycin-52.
Their mechanism of action is strongly coupled to the mechanism of microtubule 
assembly, especially structural features that affect nucleotide binding, GTP hydrolysis,
stabilization of longitudinal and lateral protofilament contacts, and endwise growth
and disassembly dynamics. Quantitative analysis of drug binding and microtubule or
nonmicrotubule polymer formation can be a useful tool in drug design, as in many
cases the energetics are predictive of IC50 values and clinical doses. Furthermore,
these drugs allosterically disrupt the regulation of microtubule dynamics, whereas the
regulatory factors themselves may play an important role in drug resistance. Thus, the
development of compounds that selectively target regulation of mitotic spindle dynam-
ics and kinetochore capture, by chemical genetics for example, may result in useful and
effective therapeutic tools.

Key Words: Allosteric regulation; antimitotics; kinetics; microtubules; polymers;
thermodynamics; tubulin.
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1. INTRODUCTION

To understand how antimitotic drugs work one must understand the mechanism of
microtubule assembly and regulation. This can be highlighted by the observation made
by Cabral, Raff, and coworkers (1–6) that cells can develop resistance to drugs simply
by varying the fraction of tubulin in the microtubule polymers (Fig. 1). Lower the
microtubule polymer concentration and the cells become resistant to drugs like taxol
(Fig. 1A); raise the microtubule polymer concentration and cells become resistant to
drugs like vinblastine (Fig. 1B). Knowing that taxol binds preferentially to microtubules
and not tubulin heterodimers, and that vinblastine destabilizes microtubules and favors
the formation of tubulin spirals only begins to explain how this (mass action) mecha-
nism of resistance might work. This model can also explain the cross-resistance
between drugs like vincristine and vinblastine as well as cellular resistance to taxanes
concurrent with sensitivity to vinca alkaloids. If a cell line or a tumor is resistant to both
a taxane and a vinca alkaloid the primary mechanism of resistance cannot be a micro-
tubule polymer-based mechanism, the emphasis of this review. Thus, the question can
be asked, do the molecular mechanisms of antimitotic drugs explain these observations
about drug resistance?

This review critically covers the essential features of tubulin and microtubule struc-
ture, microtubule assembly and dynamics, and the role of microtubule associated proteins,
referred to as MAPs and dynamics regulators, in controlling microtubule assembly.
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Fig. 1. Alterations in microtubule polymer levels can cause drug resistance. (Panel A) Taxol resistance
occurs when microtubules are destabilized (indicated by the large dissociation arrow) thus opposing
the formation of taxol-stabilized microtubules. Microtubule destabilization can reflect alterations in
isotype levels, a decrease in activity or concentration of microtubule stabilizers, or an increase in
activity or concentration of microtubule destabilizers (7). (Panel B) Vinblastine resistance occurs when
microtubules are stabilized (indicated by the large association arrow) thus opposing the formation of
vinblastine-induced spirals. Microtubule stabilization can reflect alterations in isotype levels, an
increase in activity or concentration of microtubule stabilizers, or a decrease in activity or concentra-
tion of microtubule destabilizers (7). (Panel C) This mass action model can easily be extended to
include the formation of + end microtubule structures during kinetochore attachment. This can repre-
sent a growing (blunt end) or a shrinking (curved end) dynamic conformation; or it could represent
conformations that favor or disfavor kinetochore interaction and attachment; or it could represent a
microtubule stabilized by Clip-170 or destabilized by MCAK (see Fig. 4 in Chapter 8).



Using a limited number of examples, three modes of drug interaction with tubulin and
microtubules are discussed (see Fig. 2),

1. Substoichiometric poison; 
2. Alternate polymer formation; 
3. Microtubule stabilization. 

The information is integrated in an attempt to understand how drugs target micro-
tubules and how cells and tumors resist their effects. Only minor consideration of
pharmaco-dynamics and no discussion of MDR phenotypes are included here.
Although clearly important therapeutic considerations, drug uptake, localization,
and delivery to targets are considered to be independent of tubulin/microtubule based
mechanisms, except where the mechanism directly impacts them. The focus is the
interaction of antimitotic drugs with tubulin and microtubules and the disruption of
microtubule dynamics and regulation. The point of view for this review is that
assembly involves competition between numerous polymer forms (including differ-
ent microtubule lattices) that are altered (stabilized or destabilized) by the interac-
tion of regulatory factors and drugs. One can treat drugs as mimics of these
regulatory factors because drugs induce tubulin polymer forms that are similar to
tubulin assemblies in the normal cytoskeleton. This approach provides quantitative
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Fig. 2. Interactions between ligands or drugs and tubulin or microtubules can occur by numerous mech-
anisms that mimic the binding of regulatory factors. Depicted in this image are binding event to the
microtubule walls (e.g., taxol) or the microtubule ends. The ends are not labeled and can represent
events at either the – or + end, or both. The blunt and jagged end depicts a growing microtubule, pos-
sibly a sheet. End binding can be a direct event where the drug (L) binds to one end, both ends, or some
specific state like GTP-Tb (shaded spheres), GDP-Tb (open spheres), or a specific structure like a
curved protofilament or a sheet. Alternatively, a liganded-tubulin–drug complex (TL) can bind to the
ends where the same qualifiers apply (one, both, and so on). These two end binding events (L or TL)
represent classic stoichiometric inhibition or poisoning of microtubule assembly (e.g., colchicine).
Sequestering occurs when dissociated tubulin binds to a ligand (T + L) and makes a stable complex
[TL or (TL)n]. The complex can be a ring (dolastatin) or a spiral (vinca alkaloids) and typically forms
in a cooperative manner. There is evidence that these complexes can bind to the ends as well, and thus
a spiral polymer [(TL)n] can add directly to the ends or can grow from the ends, also in a cooperative
manner. The T2L complex represents a stathmin–tubulin complex that is reported to bind to micro-
tubule ends, or the smallest typical drug-induced polymer that might bind. Drugs that bind at the inter-
dimer interface (vinca alkaloids, dolastatin, and hemiasterlin) necessarily begin with a 1:2
stoichiometry (one drug per interface) (49,60,61). The T or TL complex binding to the walls represents
subunit rearrangements that must occur during lattice reorganization or katanin mediated microtubule
breaking at lattice defects (106). The binding of L to the microtubule wall typical refers to the stabiliz-
ing effect of taxol, but recent evidence suggests that destabilizers like vinblastine may also bind to the
lattice and contribute to microtubule depolymerization. All of these reactions compete with one another
and with the conformational states that occur within the lattice and at the ends.



understanding of the tubulin cytoskeleton while also allowing a comparison and a
distinction between the role of assembly in normal regulation and the role of drug-
induced assembly in cytotoxicity.

There have been numerous reviews of microtubule assembly and regulation, many of
these from a biophysical and thermodynamic perspective (7–16). In 1991, one of the
author’s group wrote (15): “Thus, to interpret results, the relative affinity of these drugs,
their relative concentration, and the stability of alternate polymer forms are all involved in
the competing equilibria and must be considered.” An accurate “interpretation of data rests
upon the framework of the model chosen, and thus strongly reinforces the idea that with-
out a clear picture of the molecular events at the ends of microtubules, (an understanding
of) the effects of drugs on microtubule dynamics will continue to be problematic.” Fifteen
years later this approach applies more than ever. The goal here is a quantitative dissection
of tubulin and microtubule interactions that describe the effect of antimitotic drugs on the
tubulin cytoskeleton. Selective examples that use this approach will be highlighted.

2. MICROTUBULE ASSEMBLY

Microtubules are polar cytoskeletal structures with a plus (+) and minus (–) end (see
Chapter 10 in this book) comprised of αβ-tubulin heterodimers organized head-to-tail
(αβαβ) along (typically 12–15) protofilaments that laterally contact to make a closed
lattice. The molecular structure of a microtubule is derived from electron crystallogra-
phy on (antiparallel and inverted) Zn-induced sheets (17) that were later docked into a
20 Å reconstruction of the microtubule lattice (18). Refined structures have been
described (19–22). Assembly requires an unfavorable in vitro nucleation step (off 
γ-tubulin bound to centrosomes in vivo) and GTPMg bound to tubulin where GTP
becomes nonexchangeable when buried in the lattice. GTP hydrolysis occurs at this
buried longitudinal interface between dimers with the α-Glu254 catalytic group resid-
ing on the previous dimer in the protofilament (23) Thus, GTP hydrolysis is necessar-
ily linked to assembly, but only in polymers with straight quaternary structures like
microtubules. (The role of association in hydrolysis and the importance of the α-Glu254
catalytic group is not universally appreciated in the field. GTP hydrolysis requires
tubulin association, but tubulin association does not necessarily cause GTP hydroly-
sis.) The polar structure of the microtubule requires that subunit addition at the + end
involves formation of a αβGTPαβGTP

(+) linkage ([+] indicates + end of the microtubule)
where the buried GTP can be cleaved but the exposed βGTP is a site for subunit addi-
tion. At the – end subunit addition involves formation of a (–)αβGTPαβGDP linkage 
([–] indicates – end of the microtubule) where the newly buried GTP can be cleaved and
an exposed α-chain is the site for subunit addition. The presence of GTP hydrolysis thus
produces two distinct ends, a + end that is growing by producing an exposed nucleotide
site (24), and a – end that is growing by burying a βGTP that can be immediately cleaved.
This gives rise to microtubule ends with distinct stability (see discussion below and ref.
24). The nucleotide at the + end is directly exchangeable with free nucleotide (25),
whereas the nucleotide at the – end is nonexchangeable and requires tubulin dissocia-
tion before exchange. These features are represented in the model of a microtubule
protofilament shown in Scheme 1. In this mechanism the αβGTP added at the – end
undergoes hydrolysis, albeit at some rate, while the αβGTP added at the + end is a site
for further growth and can only undergo hydrolysis when buried by another tubulin 
heterodimer. Lateral interactions not depicted here are also known to strongly influence
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the cooperativity of assembly (see Fig. 2) and the rate of hydrolysis is dependent upon
the quaternary structure of the MT end.

αβGTP → (–)αβGTPαβGDPαβGDP….αβGDPαβGDPαβGTP
(+) ← αβGTP

↓
(–)αβGDPαβGDPαβGDP….αβGDPαβGDPαβGTPαβGTP

(+) ← αβGTP

↓
(–)αβGDPαβGDPαβGDP….αβGDPαβGDPαβGDPαβGTP

(+)

Scheme 1

The involvement of irreversible GTP hydrolysis in the assembly process produces a
nonequilibrium polymerization mechanism known as dynamic instability where both
ends are able to undergo excursions of growth or disassembly with abrupt transition
between them (26, 27; see also Chapter 10 in this book). The growth phase involves the
addition of GTP containing subunits whereas the rapid disassembly phase involves the
loss of GDP containing subunits. The transitions between growth and disassembly
involve the frequency of catastrophe, pause, and rescue. Analysis of the dynamic proper-
ties of microtubules reveals that each end exhibits an overlapping distribution of rates and
frequencies. The + end grows faster than the – end, whereas the catastrophe frequency is
slightly higher at the + end, and the rescue frequency is slightly higher at the – end
(28,29). This differential end effect is in part structural and in part because of hetero-
geneity in the microtubule lattice where protofilament number can vary within the same
microtubule. Chretien and Fuller (30) have described 14 types of microtubule structures
that define the probability of energetic configurations possible between subunits and
protofilaments. To accommodate different protofilament numbers and helical repeats
the protofilaments are skewed about their axis (radial and tangential bending) and lon-
gitudinally shifted to modify lateral interactions mediated mostly through the M loop.
In addition, growth and shortening are cooperative processes involving lateral and lon-
gitudinal structural transitions. In general growing ends are blunt or sheet-like, whereas
disassembling ends display curved or peeling protofilaments or ram’s horns (see Fig.
1C, refs.14,29,31). It is thought that each structural configuration has an intrinsically
different rate of growth and disassembly, and random conversion between configura-
tions alters those rates, thus giving rise to stochastic dynamic instability behavior
(28,32–34). Drug binding will disrupt both microtubule assembly and dynamics,
depending upon where and how the drug incorporates into the lattice or competes with
the molecular interactions. A number of examples are given in Fig. 2 where the empha-
sis is on different modes of disrupting the energetic and structural configurations prima-
rily (but not exclusively) at microtubule ends.

Microtubule assembly is influenced by numerous solution variables including ionic
strength, nucleotide content (GXP), pH and Mg+2 concentration. Each of these effectors
plays a role in the stability of tubulin polymers. The exchangeable nucleotide sits in the
interface between two dimers along a microtubule protofilament, explaining in part why
it becomes nonexchangeable in the microtubule lattice (17,18; see also Fig. 3). The 
orientation of the dimer interface is sensitive to the nucleotide content preferring a
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straight quaternary structure with GTP, and a curved or helical structure with GDP. This
explains the preference of GTP-tubulin to make microtubules, and GDP-tubulin to make
small oligomers, rings or spirals (15,35). The interaction is primarily a repulsive elec-
trostatic effect caused by the presence of GTP in the curved oligomer or GDP in the
straight oligomer (35,36). In microtubules the presence of GDP has the effect of desta-
bilizing the lattice by conformational strain (37). Lateral interactions between protofil-
aments oppose this strain and stabilize the straight quaternary structure along the length
of the microtubule, although ends are prone to splay apart into curved polymers. Recent
structural data suggest that this strain causes the intradimer microtubule interface to
curve (22). Conformational strain is the driving force for splaying microtubule ends and
rapid disassembly rates. The binding of MAPs (MAP2, tau, and so on) or taxanes sta-
bilizes the microtubule lattice, whereas the binding of stathmin, XKCM1, vinblastine, or
colchicine destabilizes the microtubule lattice, primarily by end-wise processes (38–40;
see also Chapter 10 in this book). Destabilization of the lattice can mean formation of
alternate polymer forms at the ends (Fig. 1), or dissociation into tubulin dimers, curved
oligomers, (vinblastine) spirals or discrete (1:2 stathmin–tubulin) complexes (Fig. 2).
Stability of each polymer is sensitive to the same effectors that stabilize microtubules
(ionic strength, nucleotide content, pH, and Mg+2 concentration). This is because every
polymer form appears to use the same αβ-interface and is thus GXP-dependent. In addi-
tion, all tubulin polymer forms necessarily bring the highly charged carboxyl tail of
each subunit into close proximity, thus making polymer formation ionic strength and
Mg+2-dependent. Surprisingly, Mg+2-induced rings (and GMPCPP-induced tubes) pack
the carboxyl tail domain, usually on the outside of a microtubule, into the center of the
ring (or tube; refs. 41,42), just like the images of curved protofilaments at microtubule
ends visually suggest. This explains the enhanced requirement for divalent cation to
suppress charge–charge repulsions and the altered thermodynamics of rings (ΔS ~ 0)
relative to microtubules and spirals (ΔS >> 0) (43). Removing the carboxyl tail by 
subtilisin digestion enhances formation of all polymer forms while also promoting

26 Correia and Lobert

Fig. 3. A ribbon diagram representation of ISA0.pdb, the structure of stathmin–colchicines-tubulin
(48), was rendered with VMD. Two tubulin αβ-dimers are seen to interact with a long helix of the
stathmin-like domain of RB3, plotted α1β1α2β2 going left to right. GTP on the α-chains is shown
in orange, GDP on the β-chains in yellow. A Mg ion is shown in silver located near each nucleotide.
Two colchicines are shown in green, one at each intradimer interface opposite the nonexchangeable
GTP. To view this figure in color, see the insert and the companion CD-ROM.



additional lateral packing, for example sheets of rings (44,45). The effect of pH appears
to be limited to polymers that involve lateral interactions. Microtubule assembly is
favored by lower pH (46), with the caveat that tubulin is only soluble and stable between
pH 6 and 7.5. Vinca alkaloid induced spirals are pH independent (35) but lateral con-
densation of spirals into paracrystals is also favored by low pH (47). A recent crystal
structure of a stathmin-like domain with two tubulin dimers (Fig. 3) revealed interac-
tions along the length of the stathmin helix that might account for the pH dependence
for formation of this complex (48, and more recently 49). Two histidines in the stath-
min helix (H78, H129) interact with E417 on both β-subunits. It is not clear if identical
interaction sites on tubulin cause the pH dependence of microtubules or vinca-induced
paracrystals. It is worth noting that because both stathmin binding to dimers and micro-
tubule formation are favored by low pH, both reactions are intrinsically weaker (in the
absence of other factors) at cellular pH.

3. THE LINKAGE BETWEEN COMPETING EQUILIBRIA 
AT MICROTUBULE ENDS

A model of the tubulin–microtubule-antimitotic drug system is represented in Fig. 2.
Microtubule growth proceeds by GTP-tubulin addition to the ends. At the resolution 
of negative stain electron microscopy (31) growing ends appear blunt although they
probably display a jagged appearance at the molecular or subunit level representing
protofilament and sheet elongation (32). The addition of drugs (L or ligand) can disrupt
microtubule assembly and dynamics by three primary modes:

1. Substoichometric poisoning; 
2. Alternate polymer formation; or 
3. Microtubule stabilization. 

Details related to structure and molecular mechanism will be discussed in later sec-
tions. (Note the terms ligand and drug are interchangeably used here, but further, the
authors mean to suggest that ligand can also refer to regulatory factors that control
microtubule assembly or dynamics and compete with drugs.)

3.1. Substoichiometric Vs Stoichiometric Poisoning
Substoichiometric poisoning occurs if a drug can poison the end of a microtubule.

This can occur by direct addition of drug (L) or by the addition of a tubulin–drug com-
plex (TL formed with affinity Kb and binding to microtubule ends with affinity Ki; see
Fig. 2). For this class of drugs it is considered unlikely that a drug can bind to a micro-
tubule end and not also bind to a free tubulin heterodimer, and thus the pathway involv-
ing TL binding is preferred (50). Alterations in longitudinal or lateral contacts induced
by the drug binding to microtubule ends alter the affinity of the next subunit. Depending
upon the cooperativity of the contacts at the end, microtubule growth is poisoned. Slow
dissociation of the drug or the drug complex can also prevent subunits at the end from
dissociating thus suppressing microtubule dynamics. This mechanism (first described for
colchicine) is typically known as substoichiometric poisoning (51). Alternatively, in stoi-
chiometric poisoning the ligand or drug can bind to a tubulin heterodimer in solution 
making a complex that has reduced or no affinity for the end. By mass action this lowers
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the concentration of active tubulin heterodimers. This will reduce the rate of growth (rate
= kg × n × [T]total / (1 + Kb × [L]); where n is the number of sites of subunit addition, typ-
ically 13, T is the concentration of tubulin heterodimers, kg is the rate of growth, and Kb
is the affinity of the drug for tubulin heterodimers) and favor the frequency of catastro-
phe and disassembly. This mechanism is known as sequestration and exhibits a stoichio-
metric effect on microtubule assembly implying a stoichiometric or significant fraction
of the tubulin must be sequestered before inhibition is observed. The colchicine family
of drugs exhibits both substoichiometric and stoichiometric modes of microtubule inhi-
bition (52,53). For colchicine and colchicine analogs Kb for binding to tubulin het-
erodimers is not linked thermodynamically to Ki for binding to microtubule ends (52,53).
This means some colchicine analogs are effective at inhibiting 50% of microtubule
growth when only 1–2% of the free tubulin heterodimer has bound drug, whereas other
analogs only achieve 50% inhibition when >90% of the free tubulin heterodimer has
bound drug. Distinct analog-dependent alterations in the structure of the free het-
erodimer-drug complex vs the ability of the complex to disrupt lateral contacts at the
microtubule end appear to be critical for differential drug activity. Recent structural infor-
mation about the colchicine-binding site in a tubulin–stathmin-like domain complex
instead suggests differential radial and tangential bending or kinking at the intradimer
interface occurs in a colchicine analog-dependent manner (48). This differentially affects
the ability of the drug–tubulin complex to bind to microtubule ends and poison growth.
There is currently no analysis of the differential consequences in vivo of sequestration vs
substoichiometric mechanisms. These concepts may also apply to stathmin, other end
binding proteins, and drugs that bind to other sites on tubulin that sequester dimers.

3.2. Alternate, Nonmicrotubule Polymer Formation
A second mode by which drugs can disrupt microtubule assembly and dynamics is

by alternate or nonmicrotubule polymer formation. Tubulin has the intrinsic ability to
form small curved oligomers (often called storage forms), favored by protein concen-
tration, GDP, MAPs, and Mg+2 binding (35,54–56). Alternate polymer formation (rings
and spirals) is especially common with the vinca alkaloid class of antimitotic drugs
(including vinca alkaloids, dolastatin, and cryptophycin). The high affinity and cooper-
ativity exhibited in ligand-linked polymer formation (see Fig. 4) has the effect of kinet-
ically sequestering both the drug and heterodimers in these complexes (35,57,58). This
has implications for drug accumulation and turnover (59). An additional observation is
that the polymers themselves can act as inhibitors of microtubule dynamics, just as a
colchicine–tubulin complex does. This is represented in Fig. 2 as the addition of (TL)n
to a microtubule end although in principle any drug–tubulin n-mer has microtubule inhi-
bition activity. As vinca alkaloids bind to the interdimer interface between tubulin het-
erodimers and near the exchangeable nucleotide (49,60,61), the smallest active
ligand-linked polymer is a 1:2 drug:tubulin complex (Fig. 2). Alternatively, because for-
mation of a 1:1 drug–tubulin complex is weak, direct drug addition to a microtubule end
most likely occurs at a similar interdimer interface (49), which creates an alternate poly-
mer attached to the end [αβVαβ], where V in this instance represents a vinca alkaloid.
This alters both longitudinal and lateral interactions with a preference for suppressing
dynamics at the + end (16; see Sections 3.6–3.8). Scheme 2 represents a vinca bound to a
protofilament at each microtubule end during assembly. As in normal microtubule disassem-
bly, curvature at the + end breaks different lateral contacts than curvature introduced at
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the – end. The GXP at the plus and minus end indicates vinca alkaloids induce inter-
dimer curvature that disrupts GTP hydrolysis, and thus both GTP and slightly more so
GDP (16) are stable in a vinca-induced interface. This is represented by placing GXP
near the V site (49). This scheme is also sensitive to lateral contacts and is undoubtedly
influenced by factors like MAPs or end binders that stabilize lateral contacts.

(−) αβGXPVαβGDPαβGDPαβGDP ….. αβGDPαβGDPαβGXPVαβGTP
(+)

Scheme 2
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Fig. 4. Simulations of ligand-linked self-association of tubulin, where degree of association (and sat-
uration of drug binding sites) are plotted vs log free drug concentration. K1 corresponds to drug bind-
ing to the heterodimer, K2 corresponds to association of the liganded complex TL to a spiral polymer
(35). Panel A represents a family of assembly curves (K1 = 1 × 105, K1 = 1 × 107), as a function of
tubulin concentration (1, 10, and 50 μM). These data correspond to vinblastine under typical in vitro
conditions, pH 6.9. These curves highlight the importance of protein concentration in driving the reac-
tion toward spiral assembly. To demonstrate the sharpness of the transition induced by this mecha-
nism, a curve corresponding to noncooperative single site binding (10 μM) is also presented. Panel B
presents a family of curves at a fixed tubulin concentration (10 μM), a fixed K1 (1 × 105) and varying
K2 (1 × 107, 1 × 108, and 1 × 109). Note that 1% assembly or saturation of drug binding levels occur
at 263, 76, and 24 nM, respectively. These data correspond to vinblastine, vincristine, and a drug with
stronger assembly potential (e.g., dolastatin 10). The addition of MAPs and the crowded environment
of the cytoplasm will shift these curves to lower drug concentrations. Similar polymer growth char-
acteristics are assumed to occur at microtubule ends.



3.3. Stabilization of Microtubules
A third and final mode by which drugs (L) can disrupt microtubule assembly and

dynamics is by stabilization of microtubules. A prominent class of antimitotic drugs
bind to and stabilize the microtubule lattice, represented by L binding to the micro-
tubule wall (see Fig. 2). The assay to identify them involves enhancement of micro-
tubule assembly as typically measured by turbidity or pelleting. One measures the
critical concentration, Cc, the tubulin concentration below which nucleation of micro-
tubule assembly will not occur as a function of drug concentration. Cc corresponds to
the propagation constant for polymer growth, Cc = 1/Kp, which determines the over-
all free energy for ligand linked polymerization, ΔG = –RT Ln Kp. Numerous thermo-
dynamic studies (43,62–65) have investigated the role of GTP hydrolysis, pH, Mg+2,
temperature, and solution additives like glycerol. Dissecting the energetics of drug
binding (L + M ↔ LM) from the energetics of assembly (T + M ↔ TM) complicate
the interpretation of the data (see ref. 65 and discussion below). The overall conclu-
sion is microtubule assembly is an entropically driven reaction (ΔS > 0) involving the
burying of a hydrophobic surface (the interdimer interface) and the release of water
(43). The mechanism of stabilizers like taxanes involves stoichiometric binding to the
lattice and stabilization of lateral protofilament contacts, with the maximum effect in
vitro being at 1:1 binding ratios. Stabilizers inhibit both microtubule growth and
shortening and thus suppress microtubule dynamics (66). An effect on microtubule
ends is inferred.

3.4. Thermodynamic Approaches
The later discussion will involve quantitative evaluation of drug–tubulin interaction

data. Based upon the introduction it can be now stated that the interaction will be the
sum total of all interactions in the system, expressed and parsed as free energy as a func-
tion of solution and structure factors.

ΔG(drug–tubulin) = ΔGbinding + ΔGGXP + ΔGMg + ΔGpH + ΔGpolymer

+ ΔGlattice + ΔGMAP+ ΔGcoupling

The ΔG contributions for GXP, Mg+2, and pH correspond to the discussion above for
solution variables. The ΔG for binding and polymer formation reflect the linkage
between the drug binding site and the drug-induced formation of polymer. The ΔG for
lattice interactions reflects the plasticity of lateral interactions that can occur, espe-
cially in a microtubule lattice, and how they perturb the protofilament affinity term.
The ΔGMAP term reflects the contributions from other proteins or factors that regulate
polymer stability and dynamics. Finally, the ΔGcoupling reflects the facts that every other
term in the sum is dependent upon one another. For example, GDP binding to the E-
site favors a curved protofilament, but adapts a straight conformation in the micro-
tubule lattice; GTP binding to the E-site favors a straight protofilament, but can adapt
a curved protofilament in rings, spirals or a stathmin–tubulin complex; these con-
strained states cost energy that gets tallied in the ΔGcoupling term. Structural data
(22,48,49) suggest a major contributor to this ΔGcoupling term are rearrangements at the
intradimer interfaces.
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3.5. Polymer Mass Vs Dynamics
A normal microtubule cytoskeleton maintains a significant fraction of polymerized

tubulin while also allowing dynamic instability to occur during morphogenesis and cell
division (67). The regulation of stability and dynamics is complex and involves tubulin
concentrations, tubulin isotype distributions, GTP hydrolysis, and stabilizing and desta-
bilizing regulatory factors (2,6,7). As drugs affect both polymer stability and dynamics,
the mechanism of cytotoxic action must (in a concentration dependent manner) also
impact both thermodynamic and kinetic aspects of assembly. Two prominent camps exist
concerning the cellular mode of action of drugs, one stressing the role of polymer levels
(68) and a second stressing the role of microtubule dynamics (69). It is clearly estab-
lished that taxol resistance can be generated by reducing polymer levels, whereas
colchicine or vinblastine resistance can be generated by increasing polymer levels
(1,2,4–6; see Fig. 1). In cases where microtubule stability is the cause of resistance, these
alterations also produce cells that are hypersensitive to drugs (i.e., reduced polymer lev-
els induce colchicine and vinblastine sensitivity, whereas increased polymer levels
induce taxol sensitivity). Extreme alterations in microtubule levels produce taxol- or
colchicine-dependence (6). Alternatively, Jordan and Wilson have documented the
impact of a large numbers of effectors on microtubule dynamics, in vitro and in vivo
(38,39,50,66,69; reviewed in ref. 35). All drugs tested thus far suppress dynamics, often
with a + end preference. Drug-dependence suggests that drug binding stabilizes a
required but unstable structure; a poison becomes therapeutic. To resolve the importance
of polymer levels vs dynamics it would be helpful to know if every example of reduced
polymer levels exhibits increased dynamics and vice versa? This seems unlikely as taxol
suppression of dynamics rescues taxol-dependent cells (69), whereas the same cells are
hypersensitive to drugs like colchicine and vinblastine, which also suppress dynamics?

There is a tendency in the drug field to discount modes of action characterized by in
vitro studies, claiming that clinical doses are so low that major rearrangements in the
polymer levels or polymer structure are unlikely (65,70; see ref. 68 for opposing data and
the later discussion on vinca alkaloids). It has been shown that taxol shifts the structure
of kinetochore microtubule ends to a blunt assembly conformation (81% vs 32% in con-
trols; B. McEwen, unpublished), that IC50 taxol doses can cause microtubule bundling
(71), and that the formation of functional kinetochore contacts and tension are disrupted
(72). These interactions undoubtedly reflect a distinct set of proteins and a distinct set of
structural conformations at the + end (7,8). How drugs mediate (in the case of drug-
dependence) or disrupt (in the case of mitotic arrest) these interactions or conformational
states appears to be the issue. That polymer levels predict these phenotypes may simply
indicate the intimate connection between dynamics and polymer stability, especially in
the extremes where polymer levels are toxically low or high. The hypothesis is that drugs
restore a dynamic balance, especially in drug-dependent cases, between growing and
shrinking + end kinetochore microtubule lattices. Taxol restores the balance to a grow-
ing conformation, at least until it again becomes toxic at higher concentrations, whereas
colchicine or vinblastine restores the balance to a disassembling conformation. Thus, the
suppression of dynamics may imply distinct and different (+) end conformations for each
class of drugs. This would explain why taxol-resistant cells are vinca alkaloid-sensitive,
the microtubule end conformation favors vinca alkaloid binding. It also implies the abil-
ity of other regulatory factors to interact with drug-stabilized ends. Thus, a resolution of
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the opposing views may be that dynamics and structure are inseparable, tightly coupled
in the parlance of thermodynamics, especially at microtubule ends, and drug-interaction
models that take this into account need to be developed and tested (73).

3.6. The Colchicine Site
The colchicine family of drugs (including podophyllotoxin, combretastatin, and sta-

ganacin) bind at the intradimer interface (48), near the N-site GTP, poison microtubule
assembly substoichiometrically (50,51), suppress microtubule dynamics (72,74) and
induce sheet-like alternate polymer forms (62). Colchicine itself (and a limited number
of related compounds) induces GTPase activity, which is assumed to require formation
of a straight polymer. This is based upon the concentration-dependence of GTPase activ-
ity (75), the identification of α-Glu254 as the catalytic group on another dimer (23), and
the observation that GTPase activity only resides in straight protofilament structures like
microtubules and Zn-sheets. Ravelli et al. (48) recently published a crystal structure of
GDP-tubulin bound to RB3, a stathmin-like domain, and colchicine (Fig. 3). There 
are two tubulin dimers and two intradimer colchicine molecules in the structure. They
conclude that colchicine sterically inhibits formation of a straight protofilament (see their
Fig. 3C) arguing this is the mechanism of poisoning microtubule ends. This is consistent
with the important role of Ki, the binding of a colchicine complex to microtubule ends,
in defining the activity of colchicine analogs (52,53). The problem is how can colchicine
induce GTPase activity without forming a straight protofilament at some point? It has
been observed by quantitative analytical ultracentrifugation (AUC) analysis that
colchicine binding inhibits the formation of a human stathmin–GDP-tubulin complex by
1–2 kcal/mol (76). This suggests that the structure reported by Ravelli et al. (48) is actu-
ally a constrained structure where the stathmin-like domain and the E-site GDP domi-
nate the energetics, whereas colchicine binding to this complex costs energy. Thus, the
Ravelli structure (48) is not the only possible RB3 structure and colchicine binding alone
must also be able to induce a straight polymer with the necessary tertiary rearrangements
required to hydrolyze GTP. Upon forming the GDP product the polymer interface curves,
but at a cost (ΔGcoupling) and the Ravelli structure reflects the cost.

Two additional factors contribute to the cytotoxicity of colchicine. Colchicine binding
to tubulin is essentially irreversible (77), thus making it impossible to clear from the cell
without tubulin degradation. This should dramatically increase the lifetime and toxicity
of colchicine in cells and tissues. Second, the GTPase activity should be a constant drain
on the energy source of microtubule assembly in vitro and metabolic processes in vivo.
Nonetheless, there is continuing interest in colchicine-like analogs, especially for the devel-
opment of endothelial specific activity (78). A novel Indanone compound, Indanocine was
found to kill mutidrug resistant cancer cells during G1, a surprising and potentially new
approach to tubulin-based therapy (78). Indanocine resistant cells exhibited the equally
surprising trait of being cross resistant to colchicine and vinblastine (79). The mutation
(β-Lys350Asn) turned out to involve N-site GTP binding and not the colchicine binding
site. This is consistent with the Ravelli et al. (48) conclusions that colchicine binding is
sensitive to bending at the intradimer or N-site interface just as vinblastine binding appears
to be, and that mutations that alter the ability of the intradimer interface to adapt radial and
tangential bending will allosterically inhibit the effects of multiple drugs. In general, this
suggests that tubulin utilizes both the intradimer and the interdimer nucleotide binding sites
as allosteric transducers of conformational changes, thus conveying information that
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selects bending modes that are then useful for construction of alternate polymer forms.
It is worth emphasizing that this new view of cooperative tubulin assembly is based upon
structural and mutation data (22,48,49,79) and supports a major role for rearrangements
at both the intra- and interdimer interfaces.

The central theme for colchicine’s effectiveness as a drug appears to be the affinity of
the drug-complex for microtubule ends (52,53). It is presumed that a single site occupied
per end will suppress growth and dynamics (51). Andreu and collaborators conclude that
binding to microtubule ends (Ki) is not thermodynamically linked to binding to free het-
erodimers (Kb). This is reminiscent of microtubule assembly where irreversible GTP
hydrolysis produces a polymer that exhibits nonequilibrium behavior, dynamic instability,
where the off rate for GDP-subunits is not thermodynamically linked to the on rate of
GTP-subunits (67). Colchicine binding is essentially irreversible because of a conforma-
tional change in tubulin (77). This strongly suggests irreversible colchicine binding
induces straight polymer growth and GTP hydrolysis, followed by a colchicine-induced
conformational change to GDP-tubulin curved polymers. It is this complex (TL) that can
act as a substoichiometric inhibitor of microtubule ends. Different analogs demonstrate
intrinsically different ability to induce straight or curved polymers (52), consistent with
their selective ability to inhibit microtubule assembly. The exact form of the inhibitory site
at microtubule ends is undoubtedly a curved quaternary structure. If microtubule assem-
bly can be 50% inhibited by 1% drug binding to the free tubulin, either the affinity of these
drugs for ends is 50-fold higher than free tubulin or there is a significant cooperativity
between binding of the TL complex and a conformational transition at the microtubule
end that favors a paused or poisoned state. There have been two studies on the effects of
colchicine on microtubule dynamics (74,80). Both studies are consistent with suppression
of growth and stabilization of microtubule ends. Neither of these studies compared
colchicine analogs. It would be of predictive value to compare dynamics of a family of
colchicine analogs where the energetics could be correlated with polymer formation,
structural transitions at microtubule ends, and IC50 values.

3.7. The Vinca Alkaloid Site
The vinca alkaloid class of antimitotics (vinblastine, dolastatin, cryptophycin-52)

bind to a hydrophobic pocket at the interdimer interface (49) and induce tubulin to
form curved polymers, typically spirals or rings. There have been numerous quantita-
tive studies of the energetics of vinca alkaloid induced spiral formation, primarily by
Timasheff and coworkers (54,55), and more recently by Correia and Lobert
(35,36,56,57). The simplest mechanism to describe the polymerization process is a
ligand-linked mechanism where drug binds to a tubulin heterodimer with affinity K1,
and this drug–tubulin complex associates with another heterodimer or spiral polymer
with affinity K2. The data indicate that K1 is weak, whereas the magnitude of K2
strongly depends upon the drug moiety. Based upon the new structure of vinblastine
bound to a RB3-tubulin–colchicine complex (49), the magnitude of K2 reflects inter-
actions between a buried, and presumably nonexchangeable, vinblastine, and both 
α- and β-tubulin at the interdimer interface. To demonstrate the characteristics of this
mechanism a simulation has been performed as a function of protein concentration (1,
10, and 50 μM; see Fig. 4A). The values of K1 (1 × 105/M) and K2 (1 × 107/M) corre-
spond to in vitro data for vinblastine with pure tubulin (35). Increasing protein con-
centration shifts the curve to the left, cooperatively (see noncooperative single site
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curve) driving assembly into spiral polymers by mass action. Note the degree of self-
association coincides with saturation of drug binding because of the linkage of the
tight self-association step (K2) to the weaker drug binding step (K1). This phenomena
reveals why one must use a thermodynamic linked-model for rigorous analysis of the
binding data, properly taking protein and free drug concentration into account in the
analysis. Otherwise the Kapp inferred from the midpoint of the curve will vary with
protein concentration (54,55).

4. THE PREDICTIVE VALUE OF BINDING DATA—I

A large number of vinca analogs have been studied by these quantitative methods.
A representative set of data is presented in Fig. 5, where the ΔG for the overall reac-
tion K1K2 is plotted for eight vinca alkaloid analogs. Note that the formation of curved
spiral polymers is enhanced in the presence of GDP by approx –0.8 kcal/mol (a factor
of 4 in K) for each drug. The ability to form a spiral increases by more than 3
kcal/mol, going from the weakest (vinflunine) to the strongest (vincristine) drug. This
difference primarily resides in K2, the polymerization step, whereas K1, drug binding
to tubulin, is nearly constant (~1 × 105/M) (35). This variation in K2 corresponds to a
500-fold difference in spiraling potential, and must reflect the influence of each chem-
ical modification on the stability of the drug–tubulin interdimer (and possibly
intradimer) interface. These data allowed us to speculate that spiraling potential is a crit-
ical factor in the mechanism of action of these drugs. This was in part supported by the
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Fig. 5. The energetics of spiral formation for a family of vinca alkaloids as a function of GXP con-
tent. The free energy correspond to ΔG = –RT Ln K1K2 in a Pipes, Mg, EGTA, 50 μM GXP, pH 6.9
solution (36,37). The enhancement caused by GDP reflects the preferential formation of curved spi-
ral polymers. GDP enhancement is expected to be true for all drugs in this class of compounds that
induce polymer formation. Alternatively, GTP inhibition reflects ΔGcoupling or the strain induced by
placing GTP at the E-site of a drug-induced curved spiral or ring polymer.



observation that vincristine with a large spiraling potential is cytotoxic at very low
doses, both in cell culture and in patients. Alternatively, vinflunine, a new drug in clin-
ical trials, with a very weak spiraling potential, is cytotoxic at a relatively high concen-
tration. To investigate this further a study was initiated to measure spiraling potential by
quantitative analysis of in vitro polymer formation and IC50 values in a leukemia cell
line (81). The data are presented in Fig. 6 as a log IC50 vs Log K2 plot. As presented
the data strongly suggest that spiraling potential inversely correlates with IC50 values,
implying the ability to make a spiral polymer is the mechanism of action of this class
of drugs. What does this mean in the context of suppression of microtubule dynamics
in vivo?

The work by Andreu and coworkers (52,53) on colchicine analogs suggested the rel-
evant parameter is Ki, the affinity of the drug complex for microtubule ends. Likewise,
a number of studies have investigated the effect of low vinblastine concentrations on
microtubule dynamics (39,82) and concluded there is a steep and cooperative suppres-
sion of both growth and shortening rates at the + end. At higher concentrations both
ends are affected. Consistent with the model, if vinblastine or any vinca alkaloid com-
plex binds to the end of a microtubule, longitudinal and lateral contacts will be dis-
rupted. The minimum complex required corresponds to a 2:1 (T2L; see Fig. 2)
tubulin–drug complex. This necessarily introduces curvature at the inter- and intradimer
interfaces (49), and cooperatively poisons microtubule growth. To investigate this fur-
ther the formation of spiral polymers has been simulated as a function of K2 (107, 108,
109/M) or spiraling potential (Fig. 4B). (As noted earlier, as the vinca alkaloid-binding
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Fig. 6. Log IC50 vs log K for two classes of antimitotic drugs. For the vinca alkaloids the data are
from AUC measurements of spiral formation (37) where K2 corresponds to the addition of a
drug–tubulin-GDP complex to a growing spiral polymer. (The slope of the line is –0.678 with r2 =
0.50 and p = 0.016; for GTP-tubulin the slope = –0.704, r2 = 0.417, p = 0.032, data are not shown.)
The Epothilone data are for microtubule binding constants (65) and correspond to the affinity of the
drug to a GDP-lattice that has been stabilized by crosslinking, done to uncouple drug binding from
microtubule assembly. (The slope of the line is –0.647 with r2 = 0.412 and p = 0.003). To view this
figure in color, see the insert and the companion CD-ROM.



site is at the interdimer interface (49,60,61), polymer assembly and drug binding are
structurally and energetically coupled such that ligand saturation and spiral polymeriza-
tion are coincident.) These data correspond to in vitro conditions for vinblastine, vin-
cristine, and possibly dolastatin 10 (see Fig. 5). At 10 nM drug only a few percent of
tubulin forms spiral polymers at the highest K2 value. This might lead one to believe this
mechanism cannot account for suppression of microtubule assembly. However, recall
the ability of colchicine analogs to suppress 50% of microtubule growth when only 1%
of the free tubulin is liganded (52). In this simulation 1% assembly levels occur at 263,
76, and 24 nM, respectively. Second, these polymerization constants correspond to in
vitro conditions; both macromolecular crowding (83) and the presence of MAPs should
shift these curves to the left or to lower drug concentrations. The extent of this effect is
not currently known, but 1–2 orders of magnitude increase in K2 would provide sufficient
energy to make typical IC50 values easily achievable by this mechanism (see the IC50
scale in Fig. 6). Thus, it seems reasonable to propose that the in vivo mechanism of action
of vinca alkaloids is the formation of spiral polymers at the end of microtubules. Spiral
polymers growing off the ends of microtubules have been visualized at high drug con-
centrations (40). Analogous to the mode of action of colchicine, just one T2L complex
would be required (hence substoichiometric) to suppress microtubule dynamics.
Additional drug-induced growth off this (nucleation) site would constitute cooperative
association, enhancement of drug potency, and kinetic suppression of dynamics.

Thus, rather than stressing the low concentration of free drug, one must stress the activ-
ity of drug-tubulin polymers and their ability to bind to or nucleate upon microtubule ends.
The distinction made in the Perez-Ramirez et al. (53) colchicine study between binding to
tubulin Kb and inhibiting microtubule assembly Ki undoubtedly applies here, with the
addition that a ligand-linked mechanism (54) implicitly adds cooperativity to the mode of
action of this class of drugs. As the vinca site is in the interdimer interface, all alternate
polymers formed by the vinca class must necessarily disrupt the straight protofilament
conformation, although one can predict drugs might bind with higher affinity to structures
at microtubule ends than to free spiral (or ring) polymers. For example, double spirals are
known to form (84) and these can be preferentially nucleated at microtubule ends simply
because of the side-by-side arrangement of protofilaments (40). Cooperative interactions
with MAPs or factors that favor curved ends may be important, although small differences
in polymer structure may contribute positive or negative effects on inhibition (7,8). It has
been shown that stathmin binding to tubulin competes with spiral formation (76), espe-
cially at low pH. At higher pH there is evidence for stathmin binding directly to spirals,
analogous to the reported ability to bind to microtubule ends (85). Furthermore, it is now
known vinblastine can bind to a stathmin–tubulin complex (49). The implication of these
observations for drug resistance is not clear, but may represent an explanation for the
reported upregulation of stathmin in cancer cells (86,87).

There have been a large number of recent studies on other members of this class of
drugs, including Dolastatin 10, Cryptophycin 1, Cryptophycin 52, and Hemiasterlin
(60,61,88–93). These compounds also bind at the inter-dimer vinca site, induce single
tubulin rings, and suppress microtubule dynamics by binding to protofilament ends. In
general, Cryptophicin rings are smaller (24 nm diameter; 8–9 tubulin heterodimers)
than Dolastatin 10 or Hemiasterlin rings (44.6 nm; see ref. 60,61) reflecting differences
in the radial and tangential bending induced by drug binding. As a group, they are
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extremely potent inhibitors of cell proliferation, presumably because of their tight for-
mation of complexes at microtubule ends (86,89). Unfortunately, there are no quantita-
tive data on their affinity for tubulin rings; either the authors do not report them, or they
form complexes in the picomolar concentration range and the affinity has not been esti-
mated (93). The estimates for Dolastatin 10 (Fig. 5) come from studies on tubulin in the
micromolar concentration range and must be taken as a lower limit. Nonetheless,
Boukaria et al. (93) do report an inverse correlation of cytotoxicity with apparent stability
of the drug-induced rings, i.e., small IC50 vs large ring formation affinity. The coopera-
tive polymerization induced by these drugs should act as a sink for drug binding with
ring or spiral polymer assembly soaking up any available drug and shifting passive
transport toward assembly-linked drug uptake. This has been described for Dolastatin
10 and Cryptophycin 1 and 52 (60,61,89) and implies that drugs that bind tightly and
cooperatively to polymers will exhibit a narrow therapeutic window because all cells
will accumulate toxic concentrations of drug (81,89). This may explain why Dolastatin
10 failed phase 2 drug studies, and suggests a similar fate for other drugs of this class
that induce high affinity, highly cooperative polymer assembly.

There are additional members of the vinca alkaloid class of drugs that bind compet-
itively to the same site as vinblastine but appear to inhibit all forms of tubulin assem-
bly, including rings and spiral. Maytansine is the best example of this subclass of drugs
(94). It is currently not understood how this binding mode should be compared with
alternate polymer inducers. A sequestering mechanism seems to apply and thus a com-
parison of binding affinity vs spiral formation seems appropriate. But colchicine drugs
distinguish themselves by their ability to poison microtubule ends (52,53), and thus
microtubule end binding by either the drug or a drug–tubulin complex may be more rel-
evant. A microtubule dynamics study of a halichondrin B analog (E7389) demonstrated
that this compound suppresses microtubule growth but not disassembly, rescue, or
catastrophe (95). Thus, binding to a single site on microtubule ends might prove to be
the correct mode of action to rank drugs like maytansine. These compounds should also
suppress binding to tubulin by sequestering proteins like stathmin with consequences
that are not well understood. It is conceivable that new functions for tubulin complexes
will be revealed by studies with these drugs.

4.1. Microtubule Stabilizers (Taxol)
This class of natural compounds (taxanes, epothilones A and B, eleutherobin, and

discodermolide) bind to microtubules at the M loop, located between B7 and H9 on the
β-subunit, and stabilize lateral contacts between protofilaments, primarily by electro-
static interactions (16,94). The structure of taxol bound to Zn-induced sheets revealed
taxol makes contact with the S9-S10 loop and interacts with H7, the core helix (16,96),
and the loop between S7 and H9. Assembly in the presence of stoichiometric amounts
of taxol increases subunit spacing by 0.15 nm (4–4.15 nm), thus counteracting the 3–6%
shortening induced by GTP hydrolysis (97,98). Taxol binding reduces the number of
protofilaments from 13 to 12 (99) although other workers suggest addition after assem-
bly has only a minor effect (97). Taxol also increases surface lattice defects two to 
sixfold (97; see discussion of katanin below). These interaction sites are consistent with
missense mutations that confer drug resistance (100,101) although assignment of a
mutation site as a drug binding site need not be absolute (see below; ref. 102) and is not
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expected to be frequent in diploid cells (two copies per cell) expressing multiple tubu-
lin genes (6). Expression of the nonmutated genes should dilute out the effect of the
mutated gene product unless the mutated gene product is the major species.
Surprisingly, taxol differentially affects dynamics of microtubule ends, suppressing the
rate and extent of shortening at the + end at low drug concentrations, whereas inhibit-
ing growth and shortening at both ends at higher drug concentrations (66). Recent stud-
ies in vivo with fluorescent taxoids demonstrate a preferential interaction with newly
polymerized sites (103). The polarity of the microtubule and the structural basis of
GTP-hydrolysis requires the + end, but not the – end, of a growing microtubule will
have GTP-tubulin in the cap. If taxol binding increases the subunit spacing, and GTP-
hydrolysis decreases subunit spacing, then by thermodynamic linkage taxol prefers
binding to a GTP lattice structure, and thus the GTP-cap will have a higher affinity for
taxol than the GDP-microtubule core. A comparison of microtubule assembly (Cc
measurements) in GTP vs the nonhydrolyzable analog GMPCPP (43) suggests at least
a 10-fold (–1.3 kcal/mol) stability of a GTP-lattice over a GDP-lattice, and implies a
similar energetic preference for taxol binding to GTP-sites. Other structural constraints
(ΔGcoupling) may apply, but this prediction has not been tested by cryo-EM methods
because the addition of GMPCPP to Zn-induced sheets cause their dissolution. Note
that as the number of taxol binding sites at the + end GTP-cap are small relative to the
number of total sites in a microtubule (~13 vs ~1250/μM), the effects of taxol on micro-
tubule dynamics are expected to be gradual (66). An equilibrium assumption allows us 
to calculate:

Preferential binding to + end = [GTP-Cap sites] × Kend / [GDP-sites] × Kwalls

During rapid growth microtubules extend as sheet projections (32,104). If the same
lateral cap model applies to sheets, only the extreme end of the sheet will display high
affinity taxol sites. By this same structural argument, taxol must also inhibit the interac-
tion of microtubules with dynamics regulators that prefer peeling protofilaments
(MCAK, stathmin), whereas activating the binding of + end binders that prefer a GTP-
cap (MAPs, CLIP-170; refs.7,8,105). Given the plasticity of microtubule structure, this
may be too simplistic and many similar structures (30) may exist that favor binding of
different classes of proteins (106,107). This has yet to be extensively tested.

5. THE PREDICTIVE VALUE OF BINDING DATA—II

Buey et al. (65) performed a thermodynamic analysis of epothilone analogs and
demonstrated a relationship between binding affinity, microtubule stabilization, and
cytotoxicty. Because drug binding is tight and linked to microtubule assembly they used
crosslinked microtubules and a competitive binding assay (displacement of Flutax-2) to
extract the energetics. The binding affinity is an excellent predictor of microtubule sta-
bilization (or critical concentration Cc, plotted as log–log; r2 = 0.62) and an even better
predictor of IC50 (r2 = 0.76 for a limited data set; see Fig. 6). As with the vinca alkaloid
correlation data described above, tight binding affinity predicts low IC50 whereas weak
binding affinity predicts a high IC50. The agreement with the vinca alkaloid data seems
to strengthen the correlation (although this agreement corresponds to measurements in
two different cell lines and should be treated with caution). The authors argue that bind-
ing affinity is a better tool for drug design than Cc because clinically the in vivo drug
concentration is too low to significantly affect microtubule stability. This is directly
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related to questions about the role of microtubule structure, polymer levels, and dynam-
ics play in cytotoxicity discussed earlier (64,65,81). The correlation with IC50 suggests
that binding affinity reflects events that have a direct impact upon microtubule + end
structure, possibly suppression of microtubule flux or treadmilling, and passage through
mitotic check points. The simplest interpretation of this correlation data is that the bind-
ing sites implicated in the IC50 measurements directly reflect the same interactions
probed by the binding experiments and follow the same rank order, strongest to weak-
est, as the binding data. Other factors like MAP binding or kinetochore attachment may
alter the affinity, but these effects are likely to be the same or similar for each drug of
that class. Otherwise one must hypothesize different binding sites in vitro and in vivo.
A preferred role for microtubule ends or the GTP-cap are highly likely.

5.1. Mutations That Affect Microtubule Stability
As stability of alternate polymer forms contributes to effectiveness of drugs, it is not

surprising that mutations that affect polymer stability are mechanisms for drug resist-
ance (102,108,109). Thus, if taxol stabilizes microtubules, then mutations that destabi-
lize microtubules will cause taxol-resistance. The mutations can occur in either α- or
β-tubulin (4), and they can affect lateral or longitudinal contacts (100). Cabral (6) has
argued convincingly that destabilizing mutations should be more prevalent than taxol
binding site mutations except in cases where a single isotype predominates in the cell
line or tissue. In general, there is a paucity of structural information about the role of
the tubulin sequence on function, especially microtubule formation. This is because of
the inability to do overexpression and site directed mutagenesis studies with mam-
malian tubulins. Consequently, the best data come from mutational work in yeast
(110–112) and comparative sequence analysis between Antarctic fish tubulin and mam-
malian tubulins (113). The Antarctic fish tubulins assemble extremely well at the body
temperature of the fish (near 0°C) displaying the same critical concentration of compar-
ative mammalian species at their body temperatures (for example, human at 37°C) with
significantly less dynamic behavior. This is accomplished by sets of unique residue sub-
stitutions that map to lateral, interprotofilament contacts and to the hydrophobic cores
of both α- and β-tubulin (Fig. 7). A single comparable mutation in yeast, F200Y, does
not significantly affect temperature stability, although it does cause drug resistance and
may influence microtubule dynamics through + end interactions with other regulatory
complexes. It is apparent that drug-induced mutations affecting microtubule stability
have become a major source of information about mammalian and human tubulin struc-
ture-function. Similar work needs to be pursued with tubulin isotypes. For example,
what exactly is it about the sequence and structure of rat β-tubulin class 3 and 5 that
destabilize microtubules, poisons cells and makes them taxol dependent (114,115)?

5.2. The Severing Activity of Katanin
The interaction of tubulin (T) and liganded-tubulin (TL) with the microtubules walls

(Fig. 2) represents subunit rearrangements that must occur during lattice reorganization.
This primarily refers to katanin-mediated microtubule breaking at lattice defects (116).
It can reflect subunit exchange induced by taxol or taxotere binding, which causes a
change in protofilament number (117). Or it reflects normal transitions between differ-
ent protofilament numbers observed in typical microtubule distributions (118,119).
Katanin hexameric oligomers target these lattice defects (or protofilament transition
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sites) and facilitate subunit loss and microtubule severing (120). Microtubules exhibit a
very low frequency of spontaneous severing or tubulin dissociation from the walls (koff =
10–8 s–1; ref. 121), and thus katanin acts as an ATPase-dependent cooperative enzyme
(122). This activity causes microtubule depolymerization at the minus-end during
metaphase poleward flux (123) and is presumably required for chromosome segrega-
tion. Although katanin will sever taxol stabilized microtubules there is no quantitative
data on the effect of drugs or the GTP analog GMPCPP. One can certainly presume that
factors that stabilize the microtubule lattice (taxol, GMPCPP) will resist katanin activ-
ity or the frequency of katinin-induced severing. Taxol suppresses microtubule flux in
mitotic spindles (124) although other factors may contribute to this decrease in dynam-
ics (e.g., Eg5) (125). It is not known if other ligands (TL, e.g., colchicine) can partici-
pate in this process, or what their impact is on katanin activity.
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Fig. 7. A ribbon diagram representation of 1JFF.pdb, the structure of tubulin derived from Zn-induced
sheets (17), where the mutations that cause stabilization in cold adapted fish are highlighted in red
(111), was rendered with VMD. The N-site GTP and E-site GDP are marked in yellow with β-tubulin
at the top of the figure. A Mg ion is labeled black. Note the mutations involve lateral contacts at the M
loop and interior residues in both α- and β-tubulin. How these interior mutations effect polymer stabil-
ity and dynamics are not fully understood, but may allosterically interact through both lateral interfaces
and longitudinal intra- and interdimer interfaces. These mutations, if present in mammalian cells, are
anticipated to cause vinca alkaloid resistance, as described in the text (see Fig. 1B). To view this fig-
ure in color, see the insert and the companion CD-ROM.



6. SUMMARY

This review has focused on the molecular mechanism of action of tubulin interacting
compounds that exhibit antimitotic activity. The emphasis has been on the quantitative
linkage between drug binding, polymorphic tubulin structures, and the solution and reg-
ulatory factors that influence preferred binding modes and the polymer forms stabilized.
Numerous other factors eventually come into play upon mitotic arrest, including apop-
totic response and activation or avoidance of cell death pathways. Although critical to
drug efficacy, these have not been the focus of this review. The intent of this overview
is to introduce the idea that drugs and regulatory factors share numerous common fea-
tures, and thus their overlapping activities can be allosterically coupled, enhancing or
diminishing drug effects, and leading to unexplored mechanisms or features of drug
resistance. Only limited examples were discussed and further quantitative work needs
to be done to investigate the importance of these factors as predictive variables. The role
of regulatory factors may be especially pertinent to the clinical need to develop drugs
that exhibit cell type and tumor specificity.
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SUMMARY

Microtubules are dynamic cellular polymers. Their dynamics are exquisitely regu-
lated and are essential to many cellular activities including mitosis, cell division, sig-
naling, adhesion, directed migration, polarization, vesicle and protein delivery to and
retrieval from the plasma membrane, and remodeling of cell shape and organization.
The cytoskeleton, which includes microtubules, actin filaments, and intermediate fil-
aments (such as vimentin, lamin, and keratin) is not a stable structure, but is a contin-
uously evolving machine. The machine remakes or reorganizes itself in response to
outside signals regulating cell activities (1). In Subheading 1, the authors describe the
dynamic behaviors of microtubules in vitro with purified microtubules, their mecha-
nisms, and some of the many ways that dynamics are modulated by microtubule-tar-
geted drugs and endogenous cellular regulators. In Subheading 2, the authors describe
microtubule dynamics and their regulation in living cells.

Key Words: Dynamic instability; treadmilling; polymerization; mitosis; migration;
MAPs; taxol; Vinca.

1. MICROTUBULE POLYMERIZATION AND DYNAMICS IN VITRO

1.1. Dynamic Instability and Treadmilling: The Unusual Nonequilibrium
Dynamic Behaviors of Microtubules 

Microtubule polymerization in vitro occurs by a nucleation-elongation mechanism.
The slow formation of a poorly-characterized microtubule nucleus is followed by rapid
elongation of the microtubule at both ends by the reversible, noncovalent addition of
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αβ-tubulin heterodimers, as shown in Fig. 1 (reviewed in ref. 2). Tubulin dimers (Table 1),
which are 46 × 80 × 65 Å in size (width, length, and depth, respectively) are organized
in the microtubule in “head-to-tail” fashion in the form of protofilaments with the long
axis of the dimer parallel to the long axis of the microtubule (Fig. 1) (3). As a rule in
cells microtubules are made up of 13 protofilaments that form a closed tube, but micro-
tubules assembled in vitro can have variable numbers of protofilaments, with a mean of
14 (4,5). The protofilament number also can vary along the length of a single micro-
tubule (4). The two ends of microtubules differ, both structurally and kinetically. One
end, termed the plus end, has β-tubulin exposed to the solvent, and α-tubulin faces the
solvent at the opposite or minus end (3,6).

The orientation of the αβ-tubulin dimers in the microtubule together with the hydroly-
sis of guanosine 5′-triphosphate (GTP) that occurs during polymerization confers unusual
and distinct dynamic properties to the opposite microtubule ends (7,8). Microtubules 
are not simple equilibrium polymers, but because GTP is hydrolyzed during normal
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Fig. 1. Polymerization of microtubules. Heterodimers of α- and β-tubulin aggregate to form a short
microtubule nucleus. Nucleation is followed by elongation of the microtubule at both ends by the
reversible, noncovalent addition of tubulin dimers. Both ends can also shorten. The plus (+) end of the
microtubule is kinetically more dynamic than the opposite or minus (–) end, growing and shortening
over longer distances than the (–) end. Adapted from ref. 61. Reprinted by permission of Chemistry
and Biology. To view this figure in color, see the insert and the companion CD-ROM.
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assembly, they are capable of unusual nonequilibrium dynamic behaviors. One such
behavior, called dynamic instability, is characterized by switching between relatively slow
growth and rapid shortening at the two microtubule ends (8). The second behavior, termed
treadmilling, is characterized by net assembly at the plus ends and disassembly at the
minus ends, which creates an intrinsic flow or flux of tubulin subunits from the plus to
the minus ends (7). Both behaviors require the hydrolysis of GTP to guanosine 5′-
diphosphate (GDP) and inorganic phosphate (Pi) as, or shortly after, tubulin adds to
microtubule ends (discussed in Subheading 1.1.2.2). In order to understand their various
dynamic behaviors, how they are produced, and how the behaviors are regulated in cells,
the authors will first summarize the current state of knowledge about the underlying
mechanisms giving rise to these dynamics.

1.1.1. DYNAMIC INSTABILITY

Dynamic instability (8,9) is a process in which the individual microtubule ends
switch between phases of relatively slow sustained growth and phases of relatively rapid
shortening (Fig. 2A). Under certain conditions in vitro, some microtubules can shorten
until they totally disappear, creating a net increase in the mean polymer length within
the population that is accompanied by a decrease in the total number of microtubules
(8). The rates and extents of growth and shortening in vitro are considerably more
extensive at the plus ends than at the minus ends (10–12). Dynamic instability in vitro
can be analyzed by computer-enhanced video microscopy using differential interference
contrast microscopy or dark field microscopy (10–13), and it can be analyzed under a
variety of conditions. These conditions include shortly after polymerization is initiated
and the microtubule polymer mass is increasing (10–13), when microtubules are under-
going net disassembly, and when the microtubules are at or close to polymer mass
steady state and the polymer mass and soluble tubulin concentrations are not changing
(which probably best mimics most intracellular conditions) (14–16).

Dynamic instability is characterized by a number of well-defined and quantifiable
parameters (10–14). As an example of the differences in parameter values at opposite
microtubule ends, the dynamic instability parameters at plus and minus ends of micro-
tubule-associated protein (MAP)-free bovine brain microtubules at steady state in vitro
are shown in Table 2. As indicated previously, at these conditions the polymer mass has
reached a plateau and the polymer and subunit concentrations are constant. The com-
monly-analyzed dynamic instability parameters include the rate of growth, the rate of
shortening (frequently termed “shrinking”), the transition frequency from growth or an
attenuated (or paused) state to shortening (called the “catastrophe” frequency) and the
transition frequency from shortening to growth or to an attenuated state (called the “res-
cue” frequency). Periods of pause or attenuation are defined operationally as times
when any changes in microtubule length that may be occurring are below the resolution
of the light microscope (usually <0.2 μm). Also of value in characterizing dynamic
instability is determination of the percent of time the microtubules are growing, short-
ening, or remain in an attenuated (paused) state. An additional calculated parameter
termed “dynamicity” is highly useful to describe in a single parameter the overall rate
of visually detectable exchange of tubulin dimers at microtubule ends (14).

Dynamic instability is an intrinsic property of the tubulin backbone of the micro-
tubule. It occurs with microtubules made up of highly purified tubulin and thus does not
require any nontubulin proteins (14,17,18). It is noteworthy that the shortening rates can
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Fig. 2. Microtubules undergo dynamic instability and treadmilling. (A) Changes in length of a single
microtubule over time. Microtubules grow and shorten stochastically over time by addition and loss
of tubulin subunits from their ends. Changes in length at the plus ends are greater than at the minus
ends. Microtubules also undergo phases of pause or attenuated dynamics. (B) Life history traces of
the lengths of four individual microtubules in the absence of drug (left) and in the presence of a micro-
tubule-targeted drug (right). The microtubules were assembled from purified bovine brain tubulin and
the changes in length were traced by differential interference-contrast time-lapse microscopy. In the
absence of drugs, dynamics are fast, with many length changes. In the presence of a drug such as
paclitaxel or vinblastine, dynamics are suppressed. (C) Treadmilling microtubule. Tubulin subunits
are added at the plus end of the microtubule at time 0, treadmill through the microtubule and are lost
from the minus end of the microtubule at time 3. The length of the microtubule is unchanged.
Treadmilling is brought about by the different tubulin critical concentrations at the opposite ends.
From ref. 63 by permission of Nat. Rev. Cancer (http://www.nature.com). To view this figure in color,
see the insert and the companion CD-ROM.
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Table 1
Definitions

Tubulin heterodimer (dimer) The building block of the microtubule. The microtubule
subunit is a heterodimer of α- and β-tubulin

Protofilament Most microtubules are made up of 13 protofilaments that
run the length of the microtubule. Tubulin dimers are
linked head to tail to form the protofilaments

Critical concentration (Cc) At tubulin dimer concentrations above the Cc, the dimers
polymerize into microtubules, whereas at concentrations
below the Cc, microtubules depolymerize. Critical
concentrations can differ at opposite microtubule ends

Dynamic instability Microtubule ends transition stochastically between
episodes of slow growing and rapid shortening. The
transitions at opposite microtubule ends occur
independently of each other

Treadmilling (flux) Net addition of tubulin at one end of a microtubule and the
balanced net loss at the other end, owing to differences
in the tubulin critical concentrations at opposite
microtubule ends

be extremely rapid (as rapid as 10,000 subunits per second (19,20) and that shortening
appears to occur by the loss of large segments of peeling protofilaments (21,22). It is
also noteworthy that the rates of growth and shortening can be highly variable within a
microtubule population and even within an individual microtubule (17,20). The reasons
for the high degree of variability are not known, but may be because of the differences
in the microtubule lattice from one microtubule to another or within a single micro-
tubule. Brain microtubules made up of different purified β-tubulin isotypes (23) display
intrinsically different dynamics parameters in vitro. Especially interesting is the fact
that microtubules made up of highly purified tubulin from a rapidly dividing human
tumor cell line (HeLa), have intrinsically slow dynamics as compared with microtubules
made from highly purified brain tubulin (18). The reasons for these differences are not
understood, but may be because of the intrinsic differences in the dynamic instability
behaviors conferred by the different individual isotypes or because of one or several of
the many post-translational modifications that tubulin is known to undergo (24). Finally,
the authors note that the dynamic instability behavior of microtubules is tightly con-
trolled in cells by regulatory molecules that interact with microtubule surfaces and ends
(discussed in Subheading 2.4).

1.1.2. TREADMILLING

Protein polymer treadmilling was first described theoretically for actin filaments by
Albrecht Wegner (25), and was based on the idea that differential use of the energy
released during ATP hydrolysis at opposite ends of actin filaments could create differ-
ent critical subunit concentrations (for definition see Table 1) at the opposite ends of the
filaments that would give rise to a flow or flux of subunits from one end to the other at
steady state (see Fig. 2C). There is a built-in bias in observation of microtubules by
microscopic methods that favors observation of dynamic instability. Dynamics generated
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Table 2
Dynamic Instability Parameters at Opposite Microtubule, Ends at Steady State In Vitro

Parameter Plus end Minus end

Rate (μm/min)
Growing 1 ± 0.1 0.46 ± 0.07
Shortening 14.2 ± 1.2 13.2 ± 4.7

Length change (μm/event)
Growing 2.3 ± 0.2 1 ± 0.1
Shortening 5.8 ± 0.7 2.8 ± 0.7

Percent time in phase
Growing 80.4 76.7
Shortening 11.9 6.9
Attenuated 7.7 16.4

Transition frequencies (per minute)
Catastrophe 0.31 ± 0.06 0.19 ± 0.05
Rescue 0.78 ± 0.28 20 ± 0.6
Dynamicity (μm/min) 2.3 0.78

Adapted from ref. 12.

by end length fluctuations more than micrometers in length can be readily visualized by
direct observation, but dynamics owing to treadmilling are more subtle as they involve
the flow of subunits through what may appear to be stationary polymers. Treadmilling
of microtubules was initially demonstrated in vitro through a biochemical assay with
brain microtubule proteins rich in stabilizing MAPs, including tau and MAP2, by
observing the incorporation of [3H]GTP into the polymer population at steady state,
conditions at which there was no change in the concentration of soluble tubulin or
microtubule polymer (7). The radiolabeled GTP, which exchanged rapidly with soluble
tubulin subunits and was hydrolyzed during assembly, was linearly incorporated into the
polymer and retained in the polymers as [3H]GDP. Direct proof that the tubulin was
fluxing through the polymer included experiments using a pulse of [3H]GTP, which was
retained in the polymers until sufficient time had passed for the pulse to have fluxed
through the polymers and be lost from the opposite ends (7).

The treadmilling rate of brain microtubules rich in MAPs in vitro is slow (only
0.01–0.02 μm/min) (7,26). These slow rates suggested that treadmilling was too slow to
be of functional use in cells. However, it is now clear that the slow treadmilling rate of
the MAP-rich microtubules used in the early experiments was a result of the stabilizing
MAPs (MAP2, tau), which slow the treadmilling rate as well as suppress the dynamic
instability of the microtubules (14,27,28). Specifically, analysis of the treadmilling rates
in vitro of microtubules completely depleted of MAPs in glycerol-containing buffer that
suppresses dynamic instability, demonstrated that the treadmilling rates in vitro can be
quite rapid (~0.2 μm/min [28]). These experiments also demonstrate that, like dynamic
instability, treadmilling is an intrinsic property of microtubules made up only of tubulin.

1.1.2.1. How is a Treadmilling Microtubule Created? In the authors’ view, the
hypothesis, initially advanced by Wegner (25) for actin treadmilling, that nucleotide
hydrolysis creates different critical subunit concentrations at the opposite polymer ends,
provides the strongest mechanistic explanation for intrinsic treadmilling. With different



critical concentrations at the opposite microtubule ends, and when the microtubules are
at or near steady state, the higher critical subunit concentration at the minus end gives
rise to shortening at this end, whereas the lower critical concentration at the plus end of
the microtubule results in net growth (28,29). The overall concentration of soluble tubu-
lin will be maintained in between the two different critical concentrations at the oppo-
site ends and a continuous flow of subunits through the microtubule will occur. Using
this model, it was calculated that very small increases in the critical concentration at the
minus ends owing to slight increases in the minus end dissociation rate constant, will
cause very large increases in the treadmilling rate. For example, a 50% increase in the
off rate constant at the minus end of a microtubule would increase the treadmilling rate
approx 18-fold. Thus relatively modest increases of the minus end off rate constant
would increase the treadmilling rate of microtubules observed in vitro (0.2 μm/min) to
levels similar to those observed in cells (0.5–5 μm/min) (30–32). A mechanism in which
a regulatory protein binds to the end of a microtubule and modestly modulates the off
rate constant is clearly one that the cell could use to very efficiently change treadmilling
rates (28).

In contrast, Walker et al. (11) and Grego et al. (33) have suggested that biased polar
dynamic instability (growing and shortening at both microtubule ends, with net grow-
ing occurring at one end and net shortening occurring at the opposite end) creates tread-
milling. There is no question that biased polar dynamic instability at opposite
microtubule ends can give rise to net growth at one end of a microtubule and net short-
ening at the opposite end as shown using fluorescence speckle microscopy (described
further in Subheading 2.3.2) (33). In fact, when fluorescence speckle microtubules were
attached to glass slides by kinesin motor proteins and the dynamic instability excursions
at the opposite microtubule ends analyzed, many of the microtubules achieved tread-
milling, both in a plus-to-minus direction and in a minus-to-plus direction. However,
such a biased polar dynamic instability mechanism involving visibly observable
episodes of growth and shortening is not a necessary requirement for treadmilling. The
strongest evidence that intrinsic treadmilling does not depend on dynamic instability
behavior comes from the work of Panda et al. (28), who showed clearly that under con-
ditions in which dynamic instability was strongly suppressed, robust treadmilling of
MAP-free microtubules occurred in the absence of appreciable dynamic instability
behavior. Considerable evidence in cells also strongly supports the idea that tread-
milling can occur in the absence of detectable dynamic instability behavior (31,32) and
thus far, all treadmilling observed in cells is from the plus-to-minus ends; no minus-to-
plus end treadmilling has been observed. Although treadmilling and dynamic instabil-
ity may be mechanistically distinct, it seems clear that they can occur simultaneously
(29). One or the other behavior could predominate depending on the conditions, and
some microtubule treadmilling in cells clearly includes a component of dynamic insta-
bility. Specifically, the robust treadmilling that occurs in microtubule cortical arrays of
plant root epidermal cells appears to have a component of dynamic instability behavior
at the microtubule plus ends, but not at the minus ends (34).

For a microtubule to treadmill, both ends of the microtubule must be available for
subunit exchange. If, for example, the minus end of a microtubule were anchored at 
a centrosome in a manner that blocked tubulin exchange at the end, that microtubule
would not be able to treadmill. However, it is important to emphasize that tethering 
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a microtubule near its end does not necessarily block the end (26). One of the major
sites of microtubule treadmilling is in mitotic spindles, where the plus and minus ends
of the kinetochore microtubules are tethered at the kinetochores and spindle poles,
respectively (32,35,36). In this situation, the ends, although clearly tethered, remain
free for subunit exchange and rapid flow of tubulin owing to treadmilling from the
plus ends tethered at the kinetochores and the minus ends tethered to the spindle poles
(32). The optimal conditions for treadmilling also require that the microtubules be at
or near polymer mass-steady state. For example, if the subunit concentration is below
the critical subunit concentration at both the plus and minus microtubule ends, tread-
milling cannot occur, as both ends will shorten. The flow of tubulin from plus-to-
minus ends of spindle microtubules has been called flux, rather than treadmilling
(35,36), because the mechanistic basis of the flow could be created by motor mole-
cules or other regulatory molecules acting to cause microtubule shortening at the
minus ends. However, recent evidence indicates that the flow of tubulin dimers
through microtubules in mitotic spindles, where the microtubules are tethered at their
plus and minus ends and remain at a fairly constant length, is indeed owing, perhaps
in large part, to the intrinsic ability of microtubules to treadmill (32). Treadmilling
clearly must be modulated in cells, and such modulation is likely to be affected by
molecules acting at the ends or along the surfaces of the microtubules to increase or
decrease subunit flow.

1.1.2.2. The Stabilizing “Cap.” The mechanism responsible for dynamic instability
is postulated to involve a reversible gain and loss of a so-called “stabilizing cap” at the
microtubule ends (37–48) (Fig. 3). Tubulin dimers require GTP or GDP bound in the
exchangeable nucleotide-binding site of β-tubulin (the E-site) in order to polymerize
and depolymerize efficiently. Hydrolysis of the GTP to GDP and Pi is closely coupled
to tubulin addition to the microtubule ends, so most of the microtubule length is made
up of tubulin with GDP bound in the E-sites (tubulin-GDP) rather than GTP (tubulin-
GTP). With respect to the dynamic instability behavior of microtubules, the hypothesis
is that when the cap is present at a microtubule end, the end is stabilized and the micro-
tubule can grow. But when the cap is lost, the unstable (strained) tubulin-GDP micro-
tubule core is exposed and the microtubule shortens rapidly.

What is the “stabilizing cap”? The simple answer is that we do not really know, but
a number of good models and supporting data for them have been described.
Considerable evidence indicates that hydrolysis of GTP to GDP in tubulin is associated
with a change in tubulin conformation (21,22,49–51). For example, electron micro-
scopic evidence indicates that tubulin-GDP has the propensity to adopt a “curved” confor-
mation, which can be readily visualized at microtubule ends (21,22,49,50). Specifically
during a rapid shortening event, protofilaments made up of tubulin-GDP are seen to
“peel away” from the microtubule in an outward curving manner, revealing the curved
nature of the tubulin-GDP. Although evidence is scant, tubulin-GTP is thought to have
a straight conformation, or a straighter conformation than tubulin-GDP (see ref. 47).
The tubulin-GDP, which makes up the core of the microtubule appears to prefer a true
curved conformation as occurs in peeling protofilaments, but is held in a straight but
strained form by the structural constraints imposed by lattice packing in the microtubule
core (nicely described in ref. 47). The hypothesis is that as long as the stabilizing cap
is present at the microtubule end, the tubulin-GDP in the core is held in a strained “straight”
form, adopting a true “curved” form only as it dissociates from the microtubule end.
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Interestingly, the free energy change that occurs when tubulin-GTP is hydrolyzed to
tubulin-GDP in the microtubule core is very small because the majority of the free
energy is stored in the microtubule, possibly as a repulsive force between subunits (52).
One attractive hypothesis is that a slight bending of short protofilament regions near the
end of a capped microtubule relaxes the microtubule near its end, resulting in a struc-
ture that serves as the stabilizing cap (47).

The size and chemical nature of the stabilizing cap, also poorly understood, is of con-
siderable interest, especially because molecules that regulate plus-end microtubule
growth and track the plus ends (discussed further in Subheading 2.4) must be able to
distinguish the capped end of a microtubule from the core. Considerable evidence supports
the hypothesis that the stabilizing cap at microtubule ends is extremely small and that it
probably consists of as little as a single layer of tubulin dimers bound either to GTP or
GDP-Pi (tubulin with both GDP and Pi bound in the E-site) (Fig. 3) (41,42,46,48). For
example, Vandecandelaere et al. (46) monitored microtubule assembly and Pi release
simultaneously using a fluorescence assay for Pi release and found that nucleotide
hydrolysis kept pace with tubulin addition at rates as high as 200 molecules per second
per microtubule. Similarly, Stewart et al. (41) were unable to detect the GTP cap under
conditions in which a cap greater in size than 200 subunits could have been detected.
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Fig. 3. Dynamic instability and the GTP cap. Tubulin-bound GTP is hydrolyzed to tubulin-GDP and
inorganic phosphate (Pi) at the time that tubulin adds to the microtubule ends, or shortly thereafter.
Ultimately, the Pi dissociates from the microtubule, leaving a microtubule core consisting of tubulin
with stoichiometrically-bound GDP. A microtubule end containing tubulin-bound GTP or GDP-Pi is
stable or “capped,” against depolymerization. Hydrolysis of tubulin-bound GTP and the subsequent
release of Pi induce conformational changes in the tubulin molecules that destabilizes the microtubule
polymer, resulting in catastrophe and shortening of the microtubule. Adapted from ref. 63 by permis-
sion of Nat. Rev. Cancer (http://www.nature.com). To view this figure in color, see the insert and the
companion CD-ROM. 



These and other studies provide compelling evidence that when microtubules are either
growing rapidly or are growing relatively slowly at steady state, the rate of GTP hydrol-
ysis is very closely coupled to the rate of tubulin addition and thus the cap is very small.

The chemical nature of the cap, that is, whether it consists of tubulin-GTP, tubulin-
GDP-Pi, or a mixture of the two has remained controversial (37,38,40,48,53–56). The
experimental problems are several fold. First is that the cap is exceedingly difficult to
detect experimentally. Second, determining the chemical nature of the cap (i.e., whether
it is tubulin-GTP or tubulin-GDP-Pi) is complicated by any hydrolysis of GTP or disso-
ciation of Pi that might continue to occur during the “dead time” (or processing time)
required to separate microtubules from soluble tubulin. The work of several authors
(53–55) supports the view that the cap is made up of tubulin-GTP. In contrast, evidence
from the Carlier lab (37,38,40) and from the authors laboratory (48,57) indicates that
the chemical form of the cap may be tubulin-GDP-Pi rather than tubulin-GTP. Interesti-
ngly, the structural cap model recently advanced by Janosi et al. (47) can accommodate
a cap made up of tubulin-GTP or tubulin-GDP-Pi.

The authors work supports the idea that the stabilizing cap may consist of a single layer
of tubulin-GDP-Pi at each microtubule end. Specifically it was found that MAP-rich
bovine-brain microtubules pulsed with [γ32P]GTP and centrifuged through stabilizing
sucrose-cushions containing nonradioactive orthophosphate (Pi), in turn, contain small
amounts of GDP-32Pi in a stably bound form (48,57). The microtubules contain an average
of about 26 molecules of tubulin-GDP-Pi and do not contain any detectable tubulin-GTP.
This value is approximately twice the number of protofilaments in the microtubules 
(a mean of 14), suggesting that there are approx 13 molecules of tubulin-GDP-Pi in a
highly stable nonexchangeable form at each microtubule end. Strong evidence indicates
that the stably bound Pi is at the extreme microtubule end. For example, the number of
stably bound GDP-Pi molecules per microtubule remains constant regardless of the
microtubule length between mean lengths of 2.5 μm and 11 μm (57). The limitation of
such an approach to measure the size and chemical nature of the cap directly is that the
[32P]GTP can hydrolyze or be lost during the time required to collect the microtubules
in the stabilizing cushions (2 h). Thus, the data cannot prove that the stabilizing cap is
made up of tubulin-GDP-Pi. But because the GDP-Pi is stably bound and nonexchange-
able, it can be concluded that the 26 molecules of tubulin-GDP-Pi at the extreme micro-
tubule ends is either the cap, or is a stable remnant of the cap that distinguishes the
microtubule ends from the rest of the polymer.

1.2. Modulation of Microtubule Dynamics by Regulatory MAPs 
and Drugs: In Vitro Mechanisms 

The dynamics of microtubules, not just their presence, are critical to the cellular
functions of the microtubules. The dynamics must be under very tight control (see
Subheading 2). Although investigators are just beginning to learn about the many ways
microtubule polymerization and dynamics are regulated in cells, it can already be seen
that the number of molecules regulating the dynamics of microtubules is large, and 
that regulatory molecules, often functioning in concerted fashions (58,59), can act by
many distinct mechanisms. However, still very little is known about how most regulatory
molecules work.

A number of well-known drugs potently suppress the dynamic instability and tread-
milling dynamics of microtubules, and thereby perturb cellular processes dependent on
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the dynamics (60–63). The mechanisms by which these drugs act to perturb microtubule
dynamics are becoming understood, and understanding how these drugs work can help
us understand how microtubule regulatory molecules modulate microtubule dynamics
(64). The important points the authors want to emphasize here in terms of the regula-
tion of dynamics in cells, based on some of the known actions of microtubule-targeted
drugs, are that (1) tubulin and microtubules have a large number of sites that can be tar-
geted by cellular regulatory molecules and (2) remarkably small numbers of regulatory
molecules binding to any individual microtubule are sufficient to exert powerful effects
on the dynamic behavior of that microtubule. In this section, the understanding of the
mechanisms of action in vitro of three of the best understood microtubule-targeted
drugs (vinblastine, colchicine, and paclitaxel), of an important neuronal regulatory
MAP (tau), and of a “catastrophe”-promoting factor (MCAK [mitotic centromere-
associated kinesin]) is summarized.

Microtubule-targeted drugs have been studied and used as tools in cell biology for
many years, beginning well before the dynamic behaviors of microtubules were discov-
ered (reviewed in refs. 60,62,65). Early experiments with these drugs involved use of
high drug concentrations and made use of their abilities to inhibit or promote micro-
tubule polymerization. For example, with the antimitotic actions of colchicine or noco-
dazole, high concentrations of the drugs depolymerized most of the spindle microtubules,
resulting in a mitotic block (66). Of course, when the spindle microtubules are com-
pletely destroyed, mitosis cannot occur. Similarly, any cellular process dependent on either
the presence of microtubules or their dynamics will be blocked if the microtubules are
destroyed. However, in many instances, the microtubules must not only be present, they
must be dynamic to carry out their functions. This is certainly the case in mitosis, where
extremely rapid microtubule dynamics are required for spindles to function properly
(see in Subheading 2.5.1). It is now known that most of the drugs that act on tubulin and
microtubules can powerfully modulate microtubule dynamics at 10- to 100-fold lower
concentrations than those required to increase or decrease the microtubule polymer
mass. It is these actions of the drugs that have allowed us to appreciate the importance
of microtubule dynamics in cellular processes and, to think about how regulatory
molecules might act to control dynamics. The actions of three major microtubule-
targeted drugs on dynamics are described next.

1.2.1. Vinblastine 
The interactions of vinblastine and other Vinca alkaloids with tubulin and micro-

tubules have been extensively studied (reviewed in refs. 60,62,65,67). Vinblastine, a drug
that inhibits microtubule polymerization at high drug concentrations, binds both to solu-
ble tubulin and directly to tubulin in the microtubule (Fig. 4). Its binding to the micro-
tubule ends with high affinity is responsible for its effects on microtubule dynamics.
Vinblastine binds to the β-tubulin subunit at a distinct region known as the Vinca-binding
domain (68,69). The binding of vinblastine to soluble tubulin is rapid and reversible, but
relatively weak (KA~ 2 × 104/M) (67,70,71). The binding of vinblastine to soluble
tubulin induces a conformational change in the tubulin, which not only causes tubulin
to self-associate but also results in an increase in the affinity of vinblastine for the
tubulin (60,67,72). The ability of vinblastine to increase the affinity of tubulin for itself
and the increase in the affinity of vinblastine for self-associated tubulin, very likely play
important roles in the ability of vinblastine to bind to the microtubule and to stabilize
microtubules kinetically. 
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Fig. 4. Antimitotic drugs bind to microtubules at diverse sites that can mimic the binding of endogenous
regulators. (A) A few molecules of vinblastine bound to high-affinity sites at the microtubule plus end
suffice to suppress microtubule dynamics. (B) Colchicine forms complexes with tubulin dimers and
copolymerizes into the microtubule lattice, suppressing microtubule dynamics. (C) A microtubule cut
away to show its interior surface. Taxol binds along the interior surface of the microtubule, suppressing
its dynamics. Adapted from ref. 63 by permission of Nat. Review Cancer (http://www.nature.com). To
view this figure in color, see the insert and the companion CD-ROM.

Although it is not settled whether free vinblastine or vinblastine–tubulin aggregates
bind to microtubule ends, it is clear that vinblastine indeed binds to the extreme micro-
tubule ends with high affinity (1 μM) (70). Scatchard analysis with radiolabeled vin-
blastine reveals that there are about 16–17 high-affinity binding sites (kd, 1–2 μM) at the
ends of an individual microtubule. Interestingly, at high concentrations, vinblastine also
binds stoichiometrically with markedly reduced affinity (kd, 0.3 mM) to tubulin along
the length of the microtubule (73,74). The inhibition of microtubule polymerization by
high concentrations of vinblastine appears to be brought about by several mechanisms.
First, inhibition of polymerization, which occurs at vinblastine levels that are far sub-
stoichiometric to the tubulin concentration, in part is caused by the binding of the drug
to soluble tubulin and induction of tubulin aggregation, which prevents the tubulin from
self-assembling into bona fide microtubule polymers. In addition, the binding of vin-
blastine at high concentrations to the low-affinity sites along the microtubule surface
causes depolymerization by the “peeling away” of protofilament strands at both micro-
tubule ends (73). Perhaps most importantly, inhibition of polymerization is brought
about by the binding of vinblastine or vinblastine–tubulin aggregates to microtubule
plus ends, which prevents further tubulin addition.



However, the effects of low-vinblastine concentrations on microtubules are different
from those exerted at high-vinblastine concentrations. At low concentrations, vinblastine
does not appreciably decrease the polymer mass. Instead, it powerfully suppresses
dynamic instability and treadmilling by binding in small numbers to the microtubule plus
ends. The high affinity of vinblastine for plus ends appears uniquely responsible for its
potent effects on dynamics. Specifically, 0.14 μM vinblastine suppresses the rate of
microtubule treadmilling by 50%. More impressive is the fact that this powerful suppres-
sion of treadmilling occurs when an average of only 1–2 molecules of vinblastine are
bound to the microtubule (70). With respect to its ability to suppress dynamic instability,
at 0.1 μM in vitro, it strongly and selectively reduces the rate and extent of microtubule
growth and shortening at plus ends and increases the percent of time the microtubules
spend in an attenuated or paused state, neither growing nor shortening detectably. These
effects of vinblastine on dynamic instability are produced exclusively at the plus ends
(12). Because vinblastine reduces the rate and extent of shortening of a steady-state
microtubule, it must be concluded that the binding of a few molecules of vinblastine to a
microtubule plus end induces a conformational change in the tubulin at the end that
strengthens the affinity of the tubulin to which it is bound for adjacent tubulin subunits
near the end; i.e., it “strengthens” the stabilizing cap. Interestingly, vinblastine reduces the
quantity of stably-bound GDP-Pi at microtubule ends (48). Thus, the increase in cap stabil-
ity may be brought about in association with a change in the chemical nature of the cap.

1.2.2. COLCHICINE

The interaction of colchicine with tubulin and microtubules presents another varia-
tion in the mechanisms by which microtubule-targeted drugs inhibit microtubule func-
tion. Considerable evidence has indicated that the binding of colchicine to tubulin is an
unusually slow process involving a conformational change in the tubulin that locks the
colchicine into a site in the form of a final-state tubulin–colchicine complex from which
the colchicine very poorly dissociates (reviewed in refs. 60,75). Importantly an X-ray
crystal structure of a stathmin-domain–tubulin-complex containing bound colchicine
has revealed the location of the colchicine-binding site in tubulin (76). Analysis of the
structure reveals that when bound to tubulin, colchicine is indeed buried in the interme-
diate domain of the β-tubulin subunit, boxed in by strands S8 and S9, loop T7, and
helices H7 and H8 of β-tubulin. Colchicine also interacts with loop T5 of the α-tubulin
subunit. As occurs with the Vinca alkaloids, at high concentrations, colchicine depoly-
merizes microtubules, and at low concentrations it powerfully suppresses microtubule
dynamics. Colchicine inhibits microtubule polymerization substoichiometrically
(at concentrations well below the concentration of tubulin free in solution, reviewed in
ref. 60), indicating that it inhibits microtubule polymerization by binding to microtubule
ends rather than to the soluble tubulin pool. Unlike vinblastine, which acts selectively
at the plus ends, colchicine can act at both microtubule ends e.g., (77). However, free
colchicine itself does not appear to bind directly to the microtubule ends. Instead,
colchicine first forms the poorly-reversible final-state tubulin–colchicine complex,
which then copolymerizes along with free tubulin into the microtubule at both ends
(77–80), reviewed in ref. 60. Unlike vinblastine, free colchicine and tubulin–colchicine
complexes do not bind along the length of the microtubule (81). It is noteworthy that
when the final-state tubulin–colchicine complexes are incorporated at the microtubule
ends, the ends remain competent to grow and shorten. However, as with vinblastine, the
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ability of the ends to both grow and shorten is seriously compromised, resulting in pow-
erful effects on microtubule dynamics.

Like vinblastine, colchicine inhibits the rate of treadmilling at steady state without
appreciably affecting the mass of assembled microtubules (80,82). Relatively few
colchicine–tubulin complexes incorporated at the microtubule plus end are sufficient to
potently suppress the treadmilling rate (80). Also like vinblastine, the binding of colchicine
to microtubule plus ends suppresses the rate and extent of microtubule growth and short-
ening, and increases the fraction of time that the microtubules remain in an attenuated
state, neither growing nor shortening detectably (15,16). Tubulin–colchicine complexes
may adopt a conformation in the microtubule lattice that disrupts the lattice in a way that
slows but does not prevent new tubulin addition and loss. Importantly, the incorporated
tubulin–colchicine complex must bind more tightly to its tubulin neighbors than tubulin
itself does so that the normal rate of tubulin dissociation is reduced. Finally, because
tubulin–colchicine complexes strongly reduce the catastrophe frequency and increase the
rescue frequency, the tubulin–colchicine complex may modulate the mechanism respon-
sible for gain and loss of the stabilizing GTP or GDP-Pi cap (48). Colchicine can reduce
the quantity of stably-bound GDP-Pi at microtubule ends (48). Thus, ends containing
incorporated tubulin–colchicine complexes are functionally “capped” but the cap itself
must be structurally or chemically altered.

1.2.3. PACLITAXEL (TAXOL® BRISTOL–MYERS SQUIBB) 
Taxol, which binds to tubulin along the length of the microtubule (3,83,84), acts quite

differently than the drugs that act at the microtubule ends. Taxol was discovered to sta-
bilize microtubules in 1979, when Schiff and Horwitz (85) made the surprising discov-
ery that unlike the Vinca alkaloids, high concentrations of taxol stimulated microtubule
polymerization. The taxanes bind poorly to tubulin in solution, but instead bind with
high affinity to tubulin incorporated into the microtubules (86,87). The binding site for
taxol is in the β-tubulin subunit, and its location, which is on the inside surface of the
microtubule (Fig. 4C), is known with precision because the electron crystal structure of
tubulin was carried out with the tubulin complexed with taxol (83). Although the bind-
ing site for taxol is on the inside surface of the microtubule, taxol gains access its bind-
ing site very rapidly from bulk solution (87). The mechanism by which this occurs is
not clear, but seems to involve diffusion in some manner through small openings in the
microtubule lattice or fluctuations of the microtubule lattice (87). The binding of taxol
to its site on the inside microtubule surface stabilizes the microtubule, and increases
microtubule polymerization presumably by inducing a conformational change in the
tubulin that in an unknown manner increases its affinity for neighboring tubulin molecules
(88). There is one taxol-binding site on every molecule of tubulin in a microtubule, and
the ability of taxol to increase microtubule polymerization is associated with nearly 1:1
stoichiometric binding of taxol to tubulin in microtubules. Thus, if a typical microtubule
consists of approx 10,000 tubulin molecules, then the ability of taxol to increase micro-
tubule polymerization requires the binding of approx 5000 taxol molecules/microtubule.

Whereas large numbers of taxane molecules are required to increase microtubule
polymerization, the binding of small numbers of taxol molecules stabilizes the dynam-
ics of the microtubules without increasing microtubule polymerization. Taxol sup-
presses both the rate of treadmilling and the dynamic instability behavior of purified
microtubules in vitro (89–91). For example, only one taxol molecule bound per about
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200–600 tubulin molecules in a microtubule can powerfully reduce the rate and extent
of microtubule shortening. Although taxol inhibits the rate and extent of growth at plus
ends of steady-state microtubules, this is not a direct action of taxol on the growth rate
but rather an indirect one, caused by the reduction in the rate and extent of shortening
(at steady state, if subunits are prevented from coming off the microtubule by the drug,
the concentration of subunits available to go back on is also reduced). Unlike the actions
of colchicine and vinblastine (described earlier), taxol does not affect the transition fre-
quencies between growth and shortening at the microtubule ends. In contrast to the
strong stabilizing effects of taxol on microtubule plus ends, substoichiometric ratios of
taxol bound to tubulin in microtubules do not affect minus end dynamic instability (92).
Thus, in mitotically-blocked cells, taxol can potently suppress dynamic at plus ends of
spindle microtubules, whereas its impotence at minus ends permits continued micro-
tubule depolymerization at the spindle poles (93).

1.3. Mechanisms of Cellular Regulators of Microtubule Dynamics:
Mimicking the Actions of Microtubule-Targeted Drugs 

The mechanisms by which regulatory proteins modulate microtubules in vitro are not
well understood except in a very few cases. In view of the ability of small numbers of
drug molecules to effectively modulate microtubule dynamics, it should not have been
surprising that cellular proteins that regulate microtubule dynamics might mimic the
actions of the drugs. Such appears to be the case with tau, one of the best-studied neu-
ronal stabilizing MAPs (15,16,94), whose effects on microtubule dynamics are
described in detail elsewhere in this volume (see Chapter 21). Briefly, the tau proteins
are important neuronal MAPs that can bind to tubulin at the microtubule surface with
very high stoichiometries. At high concentrations in vitro tau powerfully increases the
rate and extent of microtubule polymerization and stabilizes the microtubules against
disassembly (reviewed in ref. 95). Whereas the specific location of the tau-binding sites
on the microtubule surface is not known, it is clear that tau exerts its effects on micro-
tubule polymerization by binding along the microtubule surface in large numbers.
However, similar to the effects of low taxol concentrations on microtubule dynamics,
low concentrations of tau strongly inhibit treadmilling and dynamic instability without
appreciably modifying the microtubule polymer mass (15,16,28,95). For example, at a
ratio of four-repeat tau (a form of tau containing four microtubule-binding regions) to
brain tubulin of 1:16, tau reduced the mean microtubule shortening rates and the lengths
by 54% and 44% (95). Similar but weaker effects were observed at tau: tubulin molar
ratios as low as 1:332. Tau also potently inhibits the rate of microtubule treadmilling in
vitro (28). Interestingly, data have been obtained indicating that taxol and tau may bind
in a similar region of tubulin (84).

MCAK is another microtubule regulatory protein. It appears to modulate microtubule
dynamics by binding to microtubule ends with very low stoichiometry (58,96–99). 
MCAK is a member of the Kin I (internal eatalytic domain kinesin) subfamily of
kinesin-related proteins. It does not translocate along microtubules, but rather, destabi-
lizes microtubules both in cells and in vitro by acting as a “catastrophe-promoting factor.”
Data obtained in vitro with steady-state microtubules made up of highly purified HeLa
cell microtubules and full-length bacterially-expressed MCAK dimers indicates that
only a single molecule of MCAK dimers per 263 molecules of tubulin can increase the
steady-state catastrophe frequency at microtubule plus ends approx 6.7-fold (99). Thus,
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like the actions of microtubule-targeted drugs, microtubule regulatory proteins can
modulate microtubule dynamics by binding to microtubule surfaces and ends with
remarkably low stoichiometries.

2. MICROTUBULE DYNAMICS IN CELLS

Microtubule dynamics are exquisitely regulated in cells. Dynamically unstable micro-
tubules probe the intracellular space, interacting with other cellular components including
the chromosomal kinetochores, the cell cortex, and the dynamic actin cytoskeleton
(100–102). Treadmilling (fluxing) microtubules act as inducers of mechanical tension in
the mitotic spindle (103,104), and in addition, treadmilling microtubules can reorganize
themselves spatially by translocating through the cytoplasm (34). In this section, the
following is described:

1. The organization of microtubules in cells.
2. The methods used to measure microtubule dynamics in cells.
3. The regulation of microtubule dynamics in cells. As examples, the regulation of micro-

tubule dynamics in migrating cells and in mitosis is described.
4. The use of cancer chemotherapeutic drugs to kill cancer cells by misregulation of

microtubule dynamics.

2.1. Organization of Microtubules in Cells 
In interphase in many cell types, microtubules are nucleated at the centrosome or

microtubule-organizing center located near the cell nucleus (105,106), and they extend
outward toward the cell periphery (Fig. 5). The centrosome contains large complexes
called γ-tubulin ring complexes (γ-TuRCs), consisting of nine or more proteins and
including a species of tubulin called γ-tubulin. Microtubule nucleation can occur at
other cellular sites, but microtubules generally nucleate at the centrosome. Following
nucleation at the centrosome, the plus ends of microtubules grow out toward the cell
periphery, whereas the minus ends generally remain at the centrosome. In some cells,
such as in epithelial cells and neuronal cells, microtubules are released from the centro-
some and are then transported long distances outward from the centrosome (105,106).

2.2. Measurement of Microtubule Dynamics in Living Cells
2.2.1. FLUORESCENCE-RECOVERY-AFTER-PHOTOBLEACHING (FRAPPING)

Microtubule dynamics in cells can be measured in a number of ways. Early studies
measured the dynamics of large populations of microtubules using the technique of flu-
orescence-recovery-after-photobleaching in which all the cell’s microtubules were
made fluorescent by microinjection of fluorescent tubulin into the cell and subsequent
incorporation of the marked tubulin into microtubules. A region of the cell was then
exposed to laser light to bleach the fluorescent microtubules locally in that region, and
the rate of recovery of the fluorescent tubulin into the bleached microtubules was meas-
ured. Using this method it became clear that microtubule dynamics were variable and
were highly regulated by the cell. For example, it was found that mitotic microtubules
had 18-fold greater dynamics than interphase microtubules (107), that cells in sparse
cultures had twofold faster dynamics than cells in confluent cultures, that fibroblasts
had faster dynamics than epithelial cells, and that populations of microtubules with
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different dynamic properties coexisted in the same cell (108–111). Thus, the dynamics
of microtubules in cells vary with the cell type, with their intracellular locations, with
the cell’s activities and throughout the cell cycle.

2.3. Dynamics at Plus Ends of Individual Uniformly 
Labeled Fluorescent Microtubules 

More recently, using sensitive cooled charge-coupled–device cameras, it has
become possible to measure the dynamics of individual microtubules in living cells
microinjected with a small amount of fluorescent tubulin (generally rhodamine tubu-
lin, and generally amounting to approx 10% of the total cellular tubulin) or expressing
fluorescent tubulin (such as GFP-tubulin). The growing and shortening dynamics of
individual microtubules are prominent and easily measured in the thin peripheral
lamellar regions of interphase cells. Figure 6 shows a 16-s time-lapse sequence of flu-
orescently labeled microtubules in MCF7 human breast cancer cells. The microtubule
marked by an arrowhead shortens, whereas the two microtubules marked by arrows
lengthen during the time of recording. To determine how microtubule lengths change
with time, the ends of the individual growing and shortening microtubules are traced
by a cursor on succeeding recorded time-lapse frames, and their rates, lengths, and
durations of growing and shortening are calculated. This technique has proved extremely
valuable for determining the effects of microinjected proteins like MAP2 and tau and
drugs like taxol, vinblastine, epothilone, and discodermolide (112–117) on the dynamics
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Fig. 5. Microtubules in two human osteosarcoma cells in interphase of the cell cycle. Microtubules extend
outward from the microtubule-organizing centers (arrows) toward the periphery of each cell. Microtu-
bules are in red, chromatin is in blue, and centromeres are in green. Image reproduced with permission
from ref. 168. To view this figure in color, see the insert and the companion CD-ROM.
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Fig. 6. Time-lapse images of dynamic microtubules in the peripheral region of a living MCF7 human
breast cancer cell. Three dynamic microtubules that changed length over the course of 16 s are indi-
cated by thick and thin arrows and an arrowhead, respectively. From Kamath and Jordan (116).

of microtubules in cells. Even though the dynamics of only the peripherally located
microtubule plus ends in cells are available for measurement by this technique, the results
obtained have proved relevant to the effects of the experimental agents in other cell
types and in mitotic cells.

2.3.1. CAGED FLUORESCENCE

Translational movements of individual microtubules can be distinguished from tread-
milling of individual microtubules in cells by using microinjection of “caged” fluores-
cent tubulin. After incorporation of the caged fluorescent tubulin into microtubules, a
localized region of the fluorescence in the microtubule lattice is activated (or uncaged)
by laser illumination and the movements of the microtubules are monitored by the
movement of the photoactivated fluorescent spots (118,119). For example, a recent
study of microtubule movement in living cells using photoactivation of caged fluores-
cent tubulin showed that peripheral, noncentrosome-associated microtubules are moved
into the forming spindle region by transport or sliding interactions, not by treadmilling.
Images obtained by this technique are shown in Fig. 7 (119). In this image, the uncaged,
fluorescent regions of the microtubules were translocated into the spindle from a distant
part of the cell during the period of observation. In another classic study, Mitchison
generated a fluorescent bar across the mitotic spindle of metaphase cells by microbeam
photoactivation of fluorescence in the microtubules. The fluorescent zone moved pole-
wards at 0.3–0.7 μm/min providing strong evidence for polewards flux or treadmilling
in kinetochore microtubules (35).

2.3.2. FLUORESCENCE SPECKLE MICROSCOPY

An even newer technique, fluorescence speckle microscopy (FSM), has recently been
developed for use with either sensitive cooled charge-coupled–device cameras or epiflu-
orescent microscopes or with confocal microscopy (Fig. 8). It employs similar methods
to those described earlier for producing fluorescent microtubules (microinjection or
expression of fluorescent tubulin), but takes advantage of variations in fluorescence
intensity along the microtubule lattice that are induced by using intentionally low levels
of fluorescent tubulin (0.1–0.5% of the total cellular tubulin may be labeled). When such
low levels of fluorescent tubulin are coassembled with unlabeled tubulin subunits into
the microtubules, a fluorescent speckle pattern is produced throughout the microtubule.
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Fig. 7. Caged fluorescence. Photoactivation of fluorescence in an LLCPK1 cell expressing PA-GFP-
α-tubulin. At the upper left is a phase contrast image of the cell at the time of photoactivation. The
region of activation is shown as a pink overlay. Contrast has been reversed and photoactivated regions
are in dark contrast; time in minutes; arrow marks the position of a photoactivated bundle of micro-
tubules. Peripheral microtubules are transported into the spindle, not treadmilling during the time-
course of observation. The whole cell was photoactivated at time 4:43 to show the entire microtubule
array. A schematic diagram of the position of the activated bundle over time is represented by the
color scale. By permission of Cell Press. Courtesy of Pat Wadsworth (119). To view this figure in
color, see the insert and the companion CD-ROM.

The movements of these speckles stand out to the eye, and their movements can be
recorded by time-lapse microscopy and measured. The advantage of speckle microscopy
is that it delivers simultaneous kinetic information over large areas of a cell, and gives
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higher spatial and temporal resolution than is attainable when a microtubule is uniformly
fluorescent (120,121). FSM has been used, for example, to distinguish between the
simultaneous growth and transport of microtubules in the growth cones of neurons (122)
and to measure rates of treadmilling or flux in spindle microtubules (103).

In a variation on speckle microscopy, the extensive role of treadmilling in the forma-
tion of highly structured microtubule arrays at the cell cortex in the plant Arabidopsis
was elucidated by photobleaching marks on fluorescent microtubules in a cortical
microtubule array. The bleached spots remained stationary, but each microtubule as a

Fig. 8. Speckle microscopy. The image shows a migrating newt lung epithelial cell that has been
comicroinjected with green fluorescent tubulin and red fluorescent actin and imaged by dual-wave
length FSM. The movements of microtubules and F-actin are coupled in the lamellum. The top panel
shows a single FSM image, the leading edge is at the top. The bottom panel shows a time montage of
the boxed region near the top right of the top panel. This microtubule is transported rearward while
simultaneously growing toward the leading edge. The white horizontal line tracks the retrograde
movement of a speckle on the microtubule, which is moving at the same velocity as immediately adja-
cent speckles in the lamellar actin meshwork. Frames are at 10-s intervals. Scale bar represents 10 μm
in both panels. Courtesy of C. Waterman-Storer (102). To view this figure in color, see the insert and
the companion CD-ROM.
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whole appeared to move as a result of the balanced polymerization at one end and
depolymerization at the other end. The entire microtubule polymer was not translocated,
but changed location as a result of treadmilling (34).

2.4. Regulation of Cellular Microtubule Dynamics and the Question 
of Minus End Dynamics in Cells 

Microtubule dynamics are exquisitely controlled in cells. Several classes of proteins
associate with microtubules and play critical roles in the spatial and temporal regulation
of microtubule dynamics. These include the microtubule plus-end binding proteins
(+TIPs), minus-end binding proteins, proteins that bind along the lengths of microtubules,
GTPases and guanine nucleotide exchange factors. Specifically, (TIPs include APC
(adenomatous polyposis coli) tumor suppressor protein, cytoplasmic linker proteins
(CLIPs), CLIP-associating proteins (CLASPs), cytoplasmic dynein/dynactin, p150Glued,

and end binding protein1 (EB1), an APC-interacting protein (123–126). Minus-end bind-
ing proteins include the γ-TuRCs (106), stathmin (127), and possibly ninein (128); for
recent information on stathmin see also refs. 76,129. MAP2, MAP4, and tau are the best-
known examples of proteins that bind along the lengths of microtubules (see refs. 97,130).
The GTPase Ran, and the chromatin-bound guanine nucleotide exchange factor RCC1 are
additional recently discovered important microtubule regulatory proteins (131).

As mentioned in Subheading 1.1.1, minus ends of microtubules are dynamic in vitro
but their dynamics differ from those of plus ends. As shown in Table 2 and Fig. 9, with
respect to their dynamic instability behavior, minus ends are more stable than plus ends,
exhibiting slower growth rates, fewer catastrophes, and more rescues than plus ends
(11,12,92). Interestingly, however, in cells the minus ends of microtubules have not been
observed to polymerize or grow. Rather, they remain stable or undergo only depolymer-
ization (132). It is not clear whether the stability of minus ends in cells results from minus-
end capping factors (such as γ-TuRCs or ninein) or post-translational modifications of
tubulin that prevent assembly onto minus ends. What is clear is that minus ends in cells
do not undergo even transient growth upon severing or breakage of the microtubule.

Drugs and MAPs clearly affect dynamics at minus ends differently than their effects on
plus ends. One of the best examples in cells is that low concentrations of the drug taxol

Fig. 9. Life history plots of typical length changes at opposite microtubule ends at steady state. Plus
ends of bovine brain microtubules undergo greater length changes at more rapid rates than minus
ends. Adapted from Panda et al. (12).



prevent microtubule assembly at kinetochore plus-ends in newt lung cell spindles without
having any effect on minus-end disassembly at the poles (93). This preferential effect of
taxol on microtubule plus-end dynamics is consistent with a preferential plus-end taxol
effect in vitro (92). As mentioned in Subheading 1.2.1, vinblastine also affects dynamics
only at microtubule plus ends (12). In another example of the differences in effects at
opposite microtubule ends among various microtubule regulatory molecules, the protein
stathmin preferentially enhances the catastrophe rates at minus-ends in vitro (127).

2.5. Microtubule Dynamics in Migrating Cells 
In migrating cells, microtubules extend outward from the centrosome toward the lead-

ing edge of the cell where they exhibit dynamic instability. There, dynamic microtubules
and dynamic actin filaments interact, in concert with the small GTP-binding signaling
proteins Rac, Rho, and Cdc42, to regulate each others’ behavior and to bring about the
directed movement of the cell. As a migrating cell extends forward under the influence
of actin polymerization at its leading edge, microtubules also grow outward at their plus
ends in a region just subjacent to the actin meshwork. As shown in Fig. 7, simultaneous
with the net forward growth of the microtubule plus ends, the main body of each micro-
tubule is carried rearward (in the opposite direction) along with the myosin-powered
rearward movement of the recently polymerized actin. Thus the microtubules grow for-
ward at their ends in apparent compensation for their overall rearward flow. In addition,
as the microtubules grow, they also promote Rac1 activation, which mediates actin poly-
merization and lamellipodial protrusion (102). Thus, the growth of dynamic micro-
tubules is necessary to signal actin polymerization and, in a tightly regulated feedback
system the actin in turn influences microtubule transport.

At the rear or trailing edge of the migrating cell, the microtubules behave differently.
To enable forward movement, a migrating cell must continuously create new sites of sub-
strate adhesion toward its leading edge, while it disassembles older adhesions near its
trailing edge. Dynamic microtubules toward the retracting rear of the cell participate in
a behavior called “targeting,” during which a microtubule repeatedly grows toward and
comes into contact with an adhesion site, and then retracts or shortens. This dynamic
instability behavior may be repeated several times per minute. The dynamic microtubule
targeting behavior is associated with dissolution of the older focal adhesions. It has been
hypothesized that the microtubule plus-end tracking protein APC might be delivered to
the focal adhesions through these pulsing dynamic microtubules. APC is found in the
loosening adhesions where it binds a Rac-GTP exchange factor that participates in adhe-
sion disassembly. Thus delivery of APC through dynamic microtubules is likely to be an
important determinant of focal adhesion degradation (133).

2.5.1. MITOSIS

Mitosis is another striking example of tight intracellular regional and temporal con-
trol of microtubule dynamics (101). At the onset of mitosis, the interphase microtubule
network disassembles and is replaced by a new population of spindle microtubules
that is many fold more dynamic than the microtubules in the interphase cytoskeleton.
MAP4, a MAP which binds along the surface of microtubules and appears to stabilize
and slow their dynamics, becomes phosphorylated by cyclin B-cdc2 kinase at the onset
of mitosis, leading to a reduced association of MAP4 with microtubules (134,135), and
likely contributing to increased dynamics. The change in microtubule dynamics also
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appears to be regulated by Ran, a Ras-like GTPase and its chromatin-bound nucleotide-
exchange factor, RCC1, that are released from the nucleus following the nuclear enve-
lope breakdown at the beginning of prometaphase. RCC1 may mediate a high local
concentration of Ran-GTP in the region of the chromosomes, thus producing a new state
of increased dynamic behavior of spindle microtubules involving an increase in the
catastrophe frequency and a three- to eightfold increase in the rescue frequency. The
result is that a large number of very dynamic microtubules accumulate in the region of
the chromosomes and induce reorganization of the astral microtubule arrays into a bipo-
lar spindle (131,136).

The highly dynamic spindle microtubules produced by these changes are required
for the timely and correct attachment of chromosomes at their kinetochores during
prometaphase after nuclear envelope breakdown (Fig. 10A), for the complex move-
ments of the chromosomes bringing them to their properly aligned positions at the
metaphase plate (called congression) (Fig. 10B), and for the synchronous separation of
the chromosomes in anaphase and telophase after the metaphase-to-anaphase check-
point is satisfied (Fig. 10C,D). For example, during prometaphase, microtubules ema-
nating from each of the two spindle poles make vast growing and shortening excursions,
essentially probing the cytoplasm until they “find” and become attached to chromo-
somes at their kinetochores (100). Such microtubules must be able to grow for long dis-
tances (typically 5–10 μm), then shorten almost completely, then regrow again until
they successfully become attached. After attachment to microtubules emanating from
one spindle pole, microtubules from the opposite pole must be sufficiently dynamic to
successfully attach to the sister kinetochore, thereby setting up a bipolar spindle. By
means of the synchronous growing and shortening of the microtubules in bundles
attached to sister kinetochores, the chromosomes gradually congress to the metaphase
plate. The mechanism of regulation of the synchrony within a bundle is unknown.

During metaphase (Fig. 10B), the duplicated chromosomes that have congressed to the
spindle equatorial region are under high tension. The tension is produced, at least in part,
by dynamic microtubules attached at their plus ends to the kinetochores, with their minus
ends extending toward the two spindle poles. The tension arises from microtubule tread-
milling (or flux) as well as from dynamic instability of the kinetochore microtubules (103).
During metaphase, tubulin is continuously added to microtubule plus ends (at the kineto-
chores) and lost at their minus ends (at the poles) in balanced fashion (i.e., the microtubules
treadmill) (32,35,137). If tension is absent, cell-cycle progress from metaphase to anaphase
is blocked (138–140). The relative importance of flux and dynamic instability varies among
cell types (103). In cells such as tissue culture cells, where the growing and shortening
events of dynamic instability play a major role in tension production, the chromosome pairs
oscillate back and forth across the spindle midline as the microtubules attached to sister
kinetochores alternately grow and shorten. In addition, the intercentromere distance peri-
odically increases and decreases as the tug-of-war occurs between microtubules attached to
opposite spindle poles (141,142) . In contrast, treadmilling or flux is the dominant determi-
nant of spindle tension in Xenopus and Drosophila spindles, and oscillations arising from
dynamic instability do not occur (103,143).

A number of microtubule-binding proteins participate in microtubule interactions
with the kinetochore, and some of these appear to regulate microtubule dynamics dur-
ing mitosis. Among the potential regulators are MCAK/XKCM1 (144–147), EB1 (148),
and CLASP-1 (149); also see review in ref. 101. Transitions from microtubule
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Fig. 10. Organization of the mitotic spindle in human osteosarcoma cells throughout mitosis and in the
presence of antimitotic drugs. Microtubules are in red, chromosomes in blue, and centromeres/kineto-
chores in green. (A) At prometaphase, the nuclear envelope has broken down, chromosomes are con-
densed and dynamic microtubules probe the cytoplasm until they contact a chromosome. (B) In early
metaphase, most chromosomes have congressed to the equator to form the metaphase plate. (C)
In anaphase the duplicated chromosomes have separated and are moving toward the spindle poles to
form the two daughter cells. (D) In telophase, the separated chromosomes have reached the spindle
poles and the cell is dividing to form two daughter cells. (E) In the presence of 10 nM taxol, some chro-
mosomes remain at the spindle poles and have not congressed to the metaphase plate. (F) Similarly, in
the presence of 50 nM vinflunine, some chromosomes remain at the spindle poles. In the presence of
antimitotic drugs the diminished dynamic movements of chromosomes reduces the tension on the kine-
tochores, centromeres, and the conjoined chromosomes. These changes are associated with the arrest
of mitosis at the metaphase–anaphase transition. Adapted from Okouneva et al. (163) and Kelling et al.
(164). To view this figure in color, see the insert and the companion CD-ROM.



growth to shortening at the kinetochore appear to be regulated, at least in part, by
MCAK/XKCM1 and the Kin I kinesins, whereas CLASP-1 appears to have a less well
understood effect on microtubule dynamics that might involve coassembly with tubulin
heterodimers at the kinetochore (149). The regulation of treadmilling at the kinetochore
is not understood.

2.6. Dynamic Microtubules are Crucial to Passage Through 
the Mitotic Checkpoint 

The spindle checkpoint ensures accurate chromosome segregation in mitosis and
meiosis (reviewed in ref. 150). If microtubule dynamics are perturbed during mitosis,
the spindle checkpoint blocks mitosis. Thus, if chromosomes do not attain a bipolar
spindle attachment because microtubules are not sufficiently dynamic to complete bipo-
lar attachment or if there is insufficient tension on kinetochores (151), the checkpoint
blocks the activity of the anaphase-promoting complex, a large ubiquitin ligase required
for chromosome segregation. On checkpoint activation, a checkpoint protein complex
containing BubR1, Bub3, Mad2, and Cdc20 binds to the anaphase promoting complex,
inhibits its ubiquitin ligase activity, and thus prevents destruction of sister chromatid
cohesion and anaphase onset.

In anaphase, in order for chromosome segregation to occur (Fig. 11C), kinetochore
microtubules must undergo net depolymerization resulting in chromosome movement
to the spindle poles at the same time that another subpopulation of spindle microtubules
(the interpolar microtubules) lengthens, resulting in lengthening of the entire spindle. In
some cells, kinetochore microtubules continue to treadmill during anaphase. In elegant
experiments Chen and Zhang (32) pulled a chromosome bivalent out of the spindle
region by micromanipulation, severed its kinetochore microtubules, and then microin-
jected fluorescent tubulin into the cell. The gain or loss of tubulin at the newly formed
free minus microtubule ends in the midregion of a half spindle was followed. The sev-
ered microtubules maintained a constant length as fluorescent tubulin added to the
microtubules at their kinetochore (+) ends and treadmilled through the microtubules
toward the severed (–) ends. These experiments showed that in grasshopper spermato-
cytes, kinetochore microtubules constantly treadmill during anaphase. In an unper-
turbed spindle, where the kinetochore microtubules remain attached to the spindle pole,
the microtubules shorten at their minus ends by means of an unknown microtubule
depolymerizing factor, thus reeling in the chromosomes.

Many cells eventually undergo apoptosis (programmed cell death) if they are blocked
in mitosis by checkpoint activation (152,153). It has been found that suppression of
microtubule dynamics by drugs such as taxol and Vinca alkaloids appears to be a com-
mon mechanism by which these drugs block mitosis and kill tumor cells. Figure 11E,F
shows human osteosarcoma cells after incubation with 10 nM taxol and 50 nM vinflu-
nine, respectively. Many chromosomes are stuck at the spindle poles, unable to congress
to the metaphase plate. At least one reason that cancer cells are relatively sensitive to
these drugs as compared with normal cells is that many cancer cells divide more fre-
quently than normal cells and thus frequently pass through a stage of vulnerability to
mitotic poisons. However, the mechanisms by which normal cells escape the actions of
antimitotic drugs are not well known.
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2.7. The Importance of Microtubule Dynamics to Mitosis is Central 
to the Chemotherapeutic Mechanism of a Large Class 

of Cancer Drugs 
The success of many microtubule-active agents as anticancer drugs is owing to their

ability to affect microtubule dynamics and block mitosis and cell division. A very large
number of chemically diverse substances originating from natural sources can bind to
soluble tubulin or directly to tubulin in microtubules. Many of these compounds have
been found to suppress microtubule dynamics. Dynamic microtubules are essential for
completion of mitosis. Thus, most of these compounds are antimitotic agents and inhibit
cell proliferation by suppression of microtubule dynamics during the particularly vul-
nerable stage of the cell cycle, namely, mitosis.

The microtubule-targeted antimitotic drugs are usually classified into two major
groups. One group, known as microtubule destabilizing agents, inhibits microtubule
polymerization at high concentrations and includes a number of compounds such as the
Vinca alkaloids (vinblastine, vincristine, vinorelbine, vindesine, and vinflunine), crypto-
phycins, halichondrins, dolastatins, estramustine, 2-methoxyestradiol, colchicine, and
combretastatins (62,63,154) that are used clinically or are under clinical investigation for
treatment of cancer. In addition, this group includes a very large number of natural com-
pounds that have not undergone clinical development for cancer therapy including the
antitussive noscapine (155), maytansine, rhizoxin, spongistatins, podophyllotoxin, ste-
ganacins, phenylahistins, and curacins (154); herbicides that inhibit microtubule poly-
merization (156); antifungal and antihelmintic agents (157); and some psychoactive
drugs (158–160). The second major group is known as microtubule stabilizing agents.
These agents stimulate microtubule polymerization and include paclitaxel (Taxol; the
first identified in this class), docetaxel (Taxotere® Sanofi-Aventi), the epothilones, disco-
dermolide, the eleutherobins, sarcodictyins, laulimalide, rhazinalam, and certain steroids
and polyisoprenyl benzophenones (62,161). It is likely that, throughout evolution, plants
and animals have “taken advantage” of the importance of microtubule dynamics in cell
function to independently evolve a vast number compounds that mimic endogenous
regulators of microtubule dynamics for their own self protection from predation.

2.8. Stabilizers vs Destabilizers? Do Microtubule-Targeted 
Chemotherapeutic Drugs Work by Altering the Mass 

of Microtubules or by Suppressing Their Dynamics or Both? 
The classification of drugs as microtubule “stabilizers” or “destabilizers” is overly sim-

plified and often leads to confusion. The reason is that both drugs that increase and drugs
that decrease microtubule polymerization at high concentrations often potently suppress
microtubule dynamics at 10- to 100-fold lower concentrations, as described in detail in
Subheading 1. The steady state balance between tubulin addition and loss at both micro-
tubule ends is an amazingly useful phenomenon in cells. It allows microtubule dynamics
to be speeded up or slowed down in cells in such a way that the dynamic behavior of
microtubule ends can be modulated locally or temporally, whereas still maintaining a nec-
essary mass of polymerized microtubules in cells. Thus, the sensitivity of microtubule
dynamics to regulation means that both kinds of microtubule-regulating drugs, the taxanes
and Vinca alkaloids, can kinetically stabilize the microtubules without changing the micro-
tubule polymer mass. Before the importance of microtubule dynamics in cell function was
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appreciated, it was thought that the effects of the drugs on microtubule polymer mass were
the most important actions responsible for their chemotherapeutic actions. Now that the
role of microtubule dynamics in cell function is appreciated, it appears that the most
important action of taxanes, Vinca alkaloids, and similar drugs may be the suppression of
spindle microtubule dynamics, which results in the slowing or blocking of mitosis at the
metaphase/anaphase transition and induction of apoptotic cell death. Thus, at a very basic
mechanistic level, these two classes of drugs act similarly. However, at higher concentra-
tions, there are clear differences in their cellular effects on microtubule mass and spindle
organization. At high drug concentrations in human patients, they may work, in addition,
by increasing or decreasing microtubule polymer levels. However, attainment and main-
tenance of high polymer-mass-changing drug concentrations may not be necessary for
their therapeutic efficacy. The role of these differences in their tumor specificity, second-
ary antitumor mechanisms, and side effects is not known.

2.9. A Major Mechanism of Many Antimitotic Anticancer Drugs 
is Suppression of Mitotic Spindle Microtubule Dynamics 

2.9.1. THE VINCA ALKALOIDS

As described in Subheading 2, vinblastine inhibits treadmilling of microtubules in
vitro with the binding of only 1–2 molecules of vinblastine per microtubule and strongly
inhibits dynamic instability at microtubule plus ends. In cancer cells, at low but clini-
cally relevant concentrations (e.g., 0.5–10 nM in HeLa cells [162]), slowing of micro-
tubule growth and shortening and/or treadmilling blocks mitotic progression.
Specifically, using the technique of time-lapse microscopy of fluorescent microtubules
in living BS-C-1 cells, it was found that concentrations of vinblastine that block cells in
mitosis (3–64 nM) without inducing microtubule depolymerization, significantly slow
microtubule dynamic instability in interphase cells. For example, the dynamicity was
reduced by 75% at 32 nM vinblastine (112).

To directly examine the effects of Vinca alkaloids in mitotic, rather than interphase cells,
the centromeres of human osteosarcoma cells were made fluorescent by transfection
with green fluorescent protein-labeled centromere-binding protein B (GFP-CENP-B).
After treatment with low concentrations of Vinca alkaloids, centromere movement
(which depends on microtubule dynamics) was suppressed at concentrations that
blocked mitosis, thus indicating that suppression of spindle microtubule dynamics by
the Vinca alkaloids is strongly associated with mitotic block (163). Suppression of
dynamics has at least two downstream effects on the spindle: it prevents the mitotic
spindle from assembling normally, and it reduces the tension at the kinetochores of the
chromosomes. Mitotic progress is delayed in a metaphase-like state with condensed
chromosomes often stuck at the spindle poles, unable to congress to the spindle equator
(Fig. 11E,F). The cell-cycle signal to the anaphase-promoting complex to pass from
metaphase into anaphase is blocked and the cells eventually die by apoptosis. Thus, at
low concentrations, mitotic block is owing to suppression of microtubule dynamics
rather than to microtubule depolymerization (62,112,163).

2.9.2. TAXOL AND RELATED DRUGS

Taxol and its semisynthetic analog, docetaxel (Taxotere) were among the most
important new additions to the chemotherapeutic arsenal in the late 20th century. As
described in Subheading 1, taxol can bind to a large number of sites on the inside surface
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of a microtubule. Nearly stoichiometric binding is associated with increased micro-
tubule polymer mass through stabilization of the assembled microtubules. However,
lower concentrations of taxol suppress microtubule dynamics by binding to only a fraction
of the tubulin dimers in a microtubule. In CaOv3 human ovarian cancer cells and A498
human kidney carcinoma cells, suppression of microtubule dynamics by low concentra-
tions of taxol is associated with mitotic arrest in the absence of any detectable increase
in microtubule polymer mass or significant microtubule bundling (114). As with the
Vinca alkaloids, the suppression of spindle microtubule dynamics prevents the dividing
cancer cells from progressing from metaphase into anaphase, and the cells eventually
die by apoptosis (114,153,164).

Recently, the authors compared the effects of a number of antimitotic drugs at their
IC50s for inhibition by 50% of proliferation of a single cell type (MCF7 cells). With
taxol, epothilone B, E7389 (a synthetic halichondrin analog), 2-methoxyestradiol, vin-
flunine, and vinblastine, suppression of microtubule dynamics strongly correlated with
mitotic block confirming that suppression of microtubule dynamics is an important
aspect of each of their anticancer mechanisms. Although there were interesting differ-
ences between the microtubule polymerizing and the microtubule depolymerizing
drugs, all the antimitotic drugs stabilized microtubule dynamics at low concentrations.
Mitotic arrest was correlated with nearly complete inhibition of most parameters of
microtubule dynamic instability by the microtubule “stabilizers” taxol and epothilone B
(see video clip). In contrast, mitotic arrest correlated primarily with inhibition of the
microtubule growing rates and lengths by the microtubule “destabilizers” vinflunine,
vinblastine, and E7389 (165).

2.10. Studies Into the Mechanisms of Drug Resistance Highlight 
the Importance of Microtubule Dynamics to Cell Function 

As microtubule dynamics are important to mitosis and their suppression leads to
mitotic block and subsequent tumor cell death, it was hypothesized that cells might over-
come the effects of microtubule-targeted drugs by altering their inherent microtubule
dynamics. To test this hypothesis, Goncalves et al. (166) used A549 human lung tumor
cells made resistant to taxol by selection in increasing concentrations of taxol. In the
resistant A549-T12 and A549-T24 cell lines (9- and 17-fold resistant to taxol, respec-
tively), when taxol was removed from the medium, it was found that microtubule dynam-
ics speeded up so that their dynamicity was increased from 57% to 167%, as compared
with the parental cells. When grown in taxol, their microtubule dynamics were sup-
pressed back down to a level similar to that of parental cells in the absence of taxol.
Interestingly, in the absence of taxol (when dynamics were speeded up), the resistant
cells became blocked at the metaphase/anaphase transition of mitosis and displayed
abnormal mitotic spindles containing uncongressed lagging chromosomes. These results
indicate that for successful mitosis, microtubule dynamics must fall in a narrow range,
and dynamics that are either too fast or too slow prevent the completion of mitosis.

2.10.1. FINAL NOTE

We are beginning to appreciate the many ways that microtubule dynamics are regu-
lated and function in cells. That microtubule ends are dynamic and can function inde-
pendent of changes in overall microtubule mass, gives microtubules signaling functions
as well as structural functions. Thus microtubules en masse influence cell shape and
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serve as railroad tracks for translocation of cell components. At the same time, their
dynamics function importantly in polarization, migration, adhesion, and mitosis. What
a marvelous invention!
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SUMMARY

Microtubules are regulated by a range of proteins that interact with tubulin and
regulate their stability. A large number and variety of microtubule-associated proteins
(MAPs) and microtubule-interacting proteins have been indentified and they exhibit
cell and tissue specific expression. MAPs and microtubule-interacting proteins carry
out a wide range of functions including regulation of microtubule stability, cross-
linking microtubules and mediate interactions of microtubules with other proteins
in the cell. The dynamic nature of microtubules and their range of cellular functions
is dependent of the interaction and regulation of MAPs and microtubule-interacting
proteins.

Key Words: Microtubules; tubulin; microtubule associated proteins; stathmin;
microtubule stability.

1. INTRODUCTION

Microtubules perform a spectrum of functions and are a major component of the
cytoskeleton. They are dynamic structures involved in many cellular processes including
cell division, intracellular transport, and certain forms of cellular movement. The diver-
sity of microtubule functions are regulated and influenced by microtubule-associated
proteins (MAPs) and a range of tubulin and microtubule-interacting proteins. Indeed,
the complex process that leads to the defined temporal and spatial organization of

83

From: Cancer Drug Discovery and Development: The Role of Microtubules in Cell Biology,
Neurobiology, and Oncology Edited by: Tito Fojo © Humana Press, Totowa, NJ



microtubules involves both structural and regulatory coordination of MAPs and associ-
ated proteins. Microtubules are polymers that consist of αβ-tubulin heterodimers that are
present in all eukaryotes. They are highly dynamic structures that are constantly growing
and shortening, behavior referred to as dynamic instability. Multiple α- and β-tubulin
isotypes have been described in mammalian cells and they display both developmental
and tissue-specific expression (1). The various isotypes share a high degree of amino
acid homology although they vary in their carboxy terminal region. It has been suggested
that the role of different β-tubulin isotypes may be to influence microtubule dynamics
by binding distinct MAPs in this region (2). Multiple factors can regulate the assembly
and stability of microtubules including differential expression of different tubulin isotypes,
regulation of monomer folding through tubulin-folding cofactors, microtubule nucleation,
and post-translational modification of tubulin proteins. Additionally, various functions of
microtubules involve their interaction with a large number of microtubule interacting
proteins, which influence the regulation and distribution of microtubules in the cell
through stabilizing or destabilizing effects. There is a wide variety of MAPs that provide
the functional diversity of microtubules. This chapter will focus on MAPs that are prima-
rily involved in regulating microtubule stability and dynamics.

2. STRUCTURAL AND FUNCTIONAL FEATURES OF MAPS

Structural MAPs were initially identified as proteins that copurified with tubulin in
vitro, promoted microtubule assembly and stabilized microtubules. A variety of structural
MAPs can interact on the surface of microtubules and reduce their dynamic behavior by
stimulating tubulin polymerization. The precise nature of MAP binding to microtubules
is not known. MAPs have a positive charge and it has been generally believed that they
interact with the negatively charged C-terminal end of tubulin, facilitating the tubulin
subunits to form the microtubule polymer. The exact sequences on tubulin that interact
with MAPs are not well defined. This is partially because of the fact that little is known
about the tertiary structure of the C-terminal region of tubulin.

Structural MAPs such as Tau, MAP2, and MAP4, are heat-stable and share a con-
served molecular structure consisting of a projection domain and a carboxy-terminal
microtubule-binding domain (3–8) (Fig. 1). This conserved domain contains three or
four pseudorepeats. The N-terminal projection domain protrudes from the microtubule
wall but does not bind microtubules, whereas the C-terminal microtubule binding
domain (MTB) binds to the microtubule (9,10). The projection domain, projects away
from the microtubule wall and is able to crosslink the microtubule with membranes,
other microtubules or intermediate filaments (11).

MAPs colocalize with microtubules and MAP staining follows a similar structural
pattern to microtubule staining (Fig. 2). As the predicted function of structural MAPs is
to stabilize microtubules, there must be a mechanism that regulates these interactions in
order for the dynamic feature of microtubules to exist. Phosphorylation of MAPs causes
them to dissociate from microtubules, hence, allowing the microtubules to depolymer-
ize leading to increased dynamic instability. The phosphorylation event occurs at the
MTB of MAPs by several kinases such as the MAP kinases (12,13) and cdc2 kinase
(14). Microtubule-affinity-regulating kinases phosphorylate MAPs at their MTB
domain, causing their disengagement from the microtubule and leading to increased
dynamic instability (15).
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Fig. 1. Schematic diagram of the major MAPs. Protein structure, Protein size, and primary cellular
localization. To view this figure in color, see the insert and the companion CD-ROM.

Fig. 2. MAP binding to microtubules. Human neuroblastoma, SHEP, cells costained with antibodies
against MAP4 and α-tubulin and visualized using secondary antibodies tagged with Cy3 (red) and Cy2
(green), respectively. (A) MAP4 staining demonstrates that the MAP follows a microtubule-like distri-
bution pattern. (B) α-Tubulin staining reveals the intricate microtubule network in these cells. (C) Merged
image showing the costaining and localization of MAP4 and microtubules (yellow/orange). To view this
figure in color, see the insert and the companion CD-ROM.

The organization of microtubules in different cell types is likely to be dependent on
the types of MAPs expressed and the nature of the microtubule-organizing center. The
basis for this is that the organization of microtubules varies in different cell types. As
an example, interphase microtubules in cultured cells tend to radiate from the centro-
some to the cell periphery (16) while microtubules in neurites run in parallel struc-
tures (17). The major structural MAPs in neurons are MAP2 and tau (12), whereas the
most abundant and ubiquitous MAP in nonneuronal cells is MAP4. Many of the func-
tional differences in the neuronal and nonneuronal MAPs have been identified in cells
transfected with cDNA encoding MAP2, tau or MAP4. Distinct differences in the



organization of microtubules have been noted in cells transfected with cDNA encod-
ing these three MAPs. Dense microtubule bundling is induced with MAP2 or Tau
(18–20) whereas this does not occur with MAP4 (21,22). MAPs are differentially
expressed in different tissues and are critical regulators of microtubule assembly and
stability (Fig. 3).

2.1. MAP1
The microtubule-associated proteins 1A (MAP1A) and 1B (MAP1B) are high molec-

ular weight protein complexes that are distantly related and are encoded by distinct
genes that reside on chromosomes 15q15.3 and 5q13, respectively. Both MAP1A and
MAP1B are synthesized as a polyprotein (referred to as the heavy chain) coupled to a
light chain (LC), i.e., MAP1A-LC2, 28 kDa, and MAP1B-LC1, 34 kDa (23,24). MAP1
proteins are thought to play a role in regulating the neuronal cytoskeleton. MAP1A is
abundant in the adult brain, whereas MAP1B is a neuritogenesis-associated MAP (25).
MAP1A binds to microtubules through a novel acidic binding motif (26), whereas
MAP1B binds to microtubules through a series of basic motifs (27). A third light chain,
LC3 (18 kDa), is a subunit of MAP1A and MAP1B and has been proposed that expres-
sion of LC3 can regulate the microtubule binding activity of MAP1A and MAP1B (28).
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Fig. 3. Schematic model of interactions of MAPs with microtubules. (A) Structural MAPs such as
MAP2, tau, and MAP4 can bind through their MBD to the microtubule wall and suppress microtubule
dynamics by stabilizing microtubules. (B) The interaction of MAPs with microtubules is regulated by
phosphorylation. Phosphorylation causes MAPs to dissociate from the microtubule wall, which in
turn increases microtubule dynamics. NB: The size of the projection domain varies between the var-
ious MAPs (see Fig. 1) and therefore this figure is a generalized representation of MAP-microtubule
interactions. To view this figure in color, see the insert and the companion CD-ROM.



MAP1B is the first MAP to be expressed during embryonal development of the nerv-
ous system. The product of the MAP1B gene is a precursor polypeptide that most likely
undergoes proteolytic processing to generate the final MAP1B heavy chain and LC1
light chain (reviewed in ref. 29). In contrast to other microtubule-stabilizing proteins
such as MAP2 and tau that differ in their molecular structure (Fig. 1), transfection of
MAP1B into COS cells did not result in the formation of microtubule bundles (30).
However, microtubules in MAP1B-transfected cells were stabilized against nocodazole-
induced depolymerization and were enriched in acetylated α-tubulin (indicative of sta-
ble microtubules) (30). Therefore, MAP1B can stabilize microtubules in cells, albeit
less efficiently than MAP2 and tau, but it cannot induce microtubule bundling.

In mice, MAP1B is expressed at high levels during embryogenesis and reaches max-
imum levels at 2–3 wk of age followed by a decrease in MAP1B and increased expres-
sion of other MAPs such as MAP1A. The highest levels of MAP1B are found in regions
that show extensive growth of axons and motor neurons, retinal ganglion cells, olfac-
tory epithelium, and nerve layer of olfactory bulb (31–33). The distribution and func-
tion of MAP1B can be modified by phosphorylation. Studies on neuronal growth cones
have revealed that MAP1B can interact with both microtubules and actin microfila-
ments (34,35). Gene knockout studies of the murine MAP1B gene suggested an impor-
tant role in development and function of the nervous system (36,37).

2.2. Tau
Brain tissue is an abundant source of microtubules and many studies have tradition-

ally focused on brain MAPs. The most studied MAPs are the heat stable proteins MAP2
and Tau. Both these neuronal MAPs share homologous repeats in the carboxy-terminal
region that contribute to microtubule binding and stability (38). Tau has been shown by
covalent crosslinking experiments to bind to two distinct sites on the C-terminal third
of both α- and β-tubulin (39).

The Tau gene is located on chromosome 17q21. Tau tissue expression is predomi-
nantly neuronal, although very low levels are detected in oligodendrocytes and astro-
cytes. Tau mRNA and proteins have also been detected in diverse tissues of nonneuronal
origin such as heart, kidney, lung, muscle, pancreas, and testis (40–42). The 5′ UTR to
the end of the 3′ UTR of Tau, spans 133.9kb and contains 16 exons (41,43). Although
exons 1 and 14 are transcribed, they are not translated. Tau exons are alternatively
spliced in a tissue-specific and a developmentally regulated manner. Certain isoforms of
Tau mRNA such as 4A, 6, and 8 are never found in brain. However, 4A is found in
peripheral nervous tissue and results in a tau protein isoform originally named big tau
for its higher molecular weight (44).

Transcription of Tau starts at a unique site at the start of exon 1 and stops at one of
two alternate polyadenylation sites downstream of exon 14. This leads to two transcripts
of 2 and 6 kb encoding tau, with the 6 kb being the major isoform in brain. Interestingly
the two transcripts differ in their subcellular localization, with the 2 kb isoform found
in the cell body and the 6 kb isoform found in axons (45). Tau gene regulation is poorly
understood. It is thought that the 3′ UTR contains cis-elements that localize tau mRNA
to specific cell compartments. The half-life of Tau mRNA is relatively long in neuronal
cells (~10 h).

There are three adult-brain-specific alternatively spliced coding exons, exons 2, 3,
and 10. Incorporation of exon 10 adds one microtubule-binding repeat domain to the
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three other exons that alter the tau protein binding capacity on microtubules. Tau exists
as two classes of protein because of alternate splicing of exon 10, 3 repeat (3R)- and 4
repeat (4R)-tau isoforms (46). Further, alternate splicing of exons 2 and 3 allows for a
total of six isoforms, three each of 3R and 4R isoforms. In the foetal brain only the
shortest isoform is expressed (46).

Tau is localized mainly in axons, which has several protein isoforms ranging in size
from 55 to 62 kDa (47). Tau proteins were shown to be potent promoters of tubulin
polymerization (48), and their overexpression by microinjection and transfection led to
increased microtubule mass accumulation, increased microtubule stability, and exten-
sive microtubule bundling (18,49). Inhibition of Tau isoforms by antisense oligonu-
cleotides prevented the establishment of axonal polarity and outgrowth in primary
cerebellar neurons (50). Furthermore, sense and antisense transfection analysis of Tau
function in PC 12 cells demonstrated the role of tau in promoting net microtubule
assembly, the rate of neurite elongation and stability of neurites (51). In contrast to the
in vitro studies outlined above, mice with targeted disruption of the Tau gene exhibited
subtle changes in microtubule organization in small caliber axons and despite being
chronically deficient in tau, were relatively normal (52). Interestingly, the total absence
of this usually predominant MAP did not alter microtubule stability or neurite growth
properties in primary neuronal cultures from mice. A possible explanation for the stark
differences between the in vitro and in vivo studies is that there is sufficient MAP pro-
tein redundancy or adequate plasticity to mask the requirement for tau during develop-
ment in the mouse. Gene targeting of another predominant axonal MAP, MAP1B also
produced a viable and relatively normal mouse (37). However, mating tau and MAP1B
null animals demonstrated that loss of both axonal MAPs is lethal by 4 wk of age (53).
It appears that both tau and MAP1B are required for the genesis of axon tracts and that
these two MAPs function synergistically.

There has been a strong association between the accumulation of filamentous tau and
a number of neurodegenerative diseases, referred to as tauopathies. These include,
Pick’s disease, frontal temporal dementia, and Parkinsonism linked to chromosome 17
(FTDP-17), and Alzheimer’s disease (54). All these conditions lead to major filamen-
tous deposits of hyperphosphorylated tau with associated neuronal loss in the affected
regions. Alzheimer’s disease is the most common human cognitive neurodegenerative
disease. The principle pathology in the brain neurons of affected individuals are insol-
uble tangled filaments, which are predominantly made up of tau aggregations (55). The
identification of tau mutations in a set of dominantly inherited cases of FTDP-17 was a
major breakthrough in unraveling neuronal degradation and death. A direct link between
errors in tau and abnormal accumulation of tau-containing filaments in neurons, have
been directly associated with neuronal failure (reviewed in ref. 54). Two classes of tau
mutations have been identified that lead to morphologically distinct filaments. One class
of mutations can alter the binding of tau to microtubules and leads to the production of
abnormal twisted filamentous structures that are made up of all six isoforms that occur
primarily in neurons. The other class is splicing mutations that change the ratio of tau with
four microtubule-binding domains (4R) to types with only three microtubule-binding
domains. These mutations cause the appearance of filamentous structures in both neu-
rons and glia. Despite the differential effects of the two classes of mutations, they both
lead to FTDP-17, possibly because they cause a net increase in the unbound pool of tau.
Increased free tau in neurons could lead to sequestration of free tubulin as was observed
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in lamprey anterior bulbar cells overexpressing human tau (56). These cells contained
tau filaments entangled with tubulin.

2.3. MAP2
MAP2 is a neuronal-specific high molecular weight protein (Mr ~280 kDa) (57),

which is able to bind both tubulin and actin through its tubulin-binding domain and mod-
ify the stability of microtubules and microfilaments (58,59). Both MAP2-tubulin and
MAP2-actin interactions are regulated by phosphorylation (59), however, the phospho-
rylation events that reduce the ability of MAP2 to bind to the microtubules enhance its
ability to interact with the actin cytoskeleton (60). The MAP2 gene is located on chro-
mosome 2q34-q35. The expression of MAP2 is predominantly neuronal and more
specifically, in dendrites. Multiple isoforms of MAP2 exist in human cells, with high
molecular weight isoforms MAP2a and MAP2b, and low molecular weight isoforms
MAP2c and MAP2d being expressed at different stages of development (61) and differ-
entiation (62). MAP2a and MAP2b are concentrated in dendrites of neuronal cells, with
MAP2a being expressed at the late stage of development and MAP2b being present at
both embryonic and adult stages. MAP2c is also expressed in dendrites, but can be found
in axons and glial cells (25). Different isoforms of MAP2 stabilize microtubules to
different extents. Although MAP2c is usually expressed at the early stages of development
and then replaced by high molecular weight MAP2 isoforms (61), it has been shown to be
expressed continuously in the adult mammalian olfactory system and in the retina (33).
MAP2c is expressed at high levels in early brain development. MAP2a and MAP2b local-
ize exclusively to dendrites, whereas MAP2c is found in all cell compartments (63,64),
suggesting that the various MAP2 isoforms have distinct cellular functions. MAP2d is
produced by developmentally regulated alternate splicing of MAP2 (65,66).

Apart from regulation of cytoskeletal dynamics, other functions of MAP2 include
neuronal morphogenesis, where it has been tentatively implicated in neuronal outgrowth
and polarity, microtubule crosslinking in dendrites as well as organelle trafficking
in axons and dendrites (25,67). Inhibition of MAP2 expression by antisense transfection
led to inhibition of processes associated with neuronal differentiation such as forma-
tion and outgrowth of neurites (68). Moreover, in MAP2-deficient mice, a reduction
in microtubule density in dendrites and a reduction of dendritic length were observed,
demonstrating that this protein is essential for dendrite formation and growth (69).
MAP2c is also involved in the neurite initiation process, both by stabilizing micro-
tubules and re-organizing filamentous actin structures in forming neurites (70).

MAPs such as MAP2, have been associated with changes in microtubule stability
in antimicrotubule drug resistant cells. Vincristine-resistant neuroblastoma cells,
BE/VCR10 that display increased levels of polymerized tubulin, were investigated for
changes in MAP expression (71). A marked decrease in MAP2c was identified in
the vincristine-selected cells compared with the drug-sensitive parental, BE(2)-C cells.
In contrast, no major changes were observed in MAP2a, MAP2b, or MAP4 expression
in the resistant cells. Several studies have suggested that MAP2c promotes microtubule
polymerization to a much lesser extent than high molecular weight MAPs (72,73).
Moreover, the significant decrease in expression of MAP2c in BE/VCR10 cells is
likely to be contributing to hyperstable microtubules by shifting the equilibrium
toward MAP2 isoforms such as MAP2a and MAP2b that are stronger promoters of
microtubule stability than MAP2c. This in turn would counteract the microtubule
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destabilizing effects of vincristine, thus leading to a selective growth advantage of these
cells in the presence of the drug.

2.4. MAP4
The majority of studies on structural MAPs have focused on those originally identi-

fied in neuronal tissues and cells. The major MAP found in cells of non-neuronal origin
is MAP4. The Map4 gene resides on chromosome 3p21, and encodes for a heteroge-
neous thermostable polypeptide with a molecular weight of 190–210 kDa (Fig. 1). The
heterogenous nature of the MAP4 protein may be as a result of alternative splicing dur-
ing transcription (74) and/or post-translation phosphorylation (75). It was first isolated
from human HeLa cells as a 210 kDa protein (76) the same size as that found in mouse
tissues (77). However, in rat and bovine species, the molecular weights are 200 kDa and
190 kDa, respectively as identified on sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (78). Homologs of MAP4 have been identified in all vertebrates and even
nematodes (79). Microtubules with wide ranging functions are associated with MAP4
including those involved in organelle and vesicular transport, cell shape during differ-
entiation and spindle microtubules during mitosis (16,80).

Overexpression of either full-length MAP4 or the microtubule-binding domain of
MAP4 has been shown to stabilize microtubules in stably transfected mouse Ltk cells
that either contained the full-length MAP4 (L-MAP4) or its L-MTB (22). More stable
microtubules were observed in both transfected cell lines, as determined by exposure to
nocodazole, an agent that depolymerizes microtubules (22). In addition to microtubule
stability, cell growth was affected. Of interest was a study that aimed to see if this effect
on cell growth influenced the in vivo function of microtubules. Overexpressing MAP4
was found to inhibit vesicular transport such as recycling of the transferrin receptor,
low-density lipoprotein (LDL), and some Golgi elements in addition to stabilizing
microtubules (81). This finding added support for the importance of MAP4 in regulating
microtubule function.

Similarly, biochemical studies have demonstrated the in vitro ability of MAP4 to sta-
bilize microtubules and dampen dynamic instability (76,82), and these findings are sup-
ported in vivo by transfection (21,22) and microinjection studies (83). Antisense RNA
directed toward MAP4 caused a decrease in total tubulin, a decrease in polymerized
tubulin, slow recovery from drug-induced microtubule depolymerization, and a less
polar and flattened cell shape (84). This suggests that MAP4 regulates the assembly
level of microtubules and through this mechanism may be involved in controlling cell
spreading and shape. In addition, post-translational modifications of MAPs have been
shown to regulate microtubule dynamics. For example, phosphorylation of MAP4 by
cyclin B-cdc2 kinase renders microtubules more dynamic in vitro (85) and reduces
MAP4’s capacity to stimulate in vitro polymerization of microtubules (86). A nonphos-
phorylatable mutant of MAP4 was shown to bind microtubules more avidly than wild-
type MAP4 in vitro, and microtubules in cells expressing nonphosphorylatable MAP4
were more resistant to nocodazole depolymerization (87).

MAP4 can localize both to interphase (Fig. 2) and mitotic microtubules (88), which
suggests that it may contribute to the role of microtubules in proliferation and differen-
tiation of cells. MAP4 has the same structural organization as the other members of the
MAP family of proteins, i.e., it has an acidic domain, which projects from the surface
of the microtubule and a basic domain that interacts with the microtubule wall (21). The
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assembly promoting portion of the microtubule-binding domain has a sequence that is
responsible for binding to the microtubules (89). This indicates that MAP4 interacts
directly with microtubules and that altering this interaction can influence microtubule
dynamics and assembly.

In the mouse, expression of MAP4 was found in most tissues. MAP4 was predomi-
nant in specific cell types indicating that it may play a functional role in particular
tissues or cells (80). Multiple isoforms of MAP4 appear to be tissue and developmental
stage specific (88). A detailed analysis of MAP4 microtubule-binding domains has
revealed that the isoforms are distinct from each other (88). Together, these data support
the view that the different MAP4 isoforms may have differing roles in specific tissues.

Polymerized microtubules exist in equilibrium with free tubulin dimers. The main
function of MAP4 is to stabilize microtubules, thus increased expression of MAP4 may
shift this equilibrium toward more stable microtubules leading to decreased levels of
free tubulin dimers. An antisense study demonstrated that depleting MAP4 expression
reduced the level of cellular tubulin and also decreased the stability of microtubules
(84). These contradicted previous results, which showed that the absence of MAP4 had
no effect on microtubule stability (90). It should be noted that these studies differed in
their approach. The initial MAP4 functional study involved microinjection of antibody
that blocked MAP4 binding to microtubules into single cells and studied the effect on
microtubule dynamics (90). This approach did limit the studies that could be performed
because of the low cell number. In contrast, the other group stably expressed antisense
MAP4 in cells, which allowed a more detailed analysis of microtubule dynamics,
morphology and cell cycle to be performed (84).

Changes in MAP4 expression have been associated with resistance to anitimicro-
tubule agents. In leukemia cells selected for resistance to the microtubule destabilizing
agents vincristine, a significant increase in MAP4 protein expression was detected (91).
The vincristine-resistant cells had an acquired mutation in β-tubulin and increased poly-
merized tubulin levels. The increased MAP4 protein was found to be associated with the
microtubule fraction, suggesting it was not phosphorylated, and therefore contributing
to the increased microtubule stability in these cells.

In murine cells, induction of the tumor suppressor gene, p53 transcriptionally
represses MAP4 (92). Increased MAP4 expression, which occurs when p53 is mutated,
increases microtubule polymerization and paclitaxel binding, resulting in heightened
sensitivity to the microtubule stabilizing drug paclitaxel and reduced sensitivity to the
microtubule destabilizing drug, vinblastine (93). Thus, controlling this p53-dependent
regulation of MAP4 is a potential approach to enhance the action of antimicrotubule
drugs. DNA damage increased wild-type p53 and decreased MAP4 expression, result-
ing in decreased sensitivity to paclitaxel and increased sensitivity to vinblastine in cell
lines (94). This regulation is now being tested in cancer clinical trials where the DNA
damaging agent, doxorubicin is used to induce p53, and hence repress MAP4, followed
by sequential treatment with vinorelbine (95).

3. OTHER REGULATORS OF MICROTUBULE STABILITY

The focus in the preceding section was on MAPs that bind to and stabilize microtubules.
There are however, other regulators of microtubule function that affect the dynamic prop-
erties of microtubules by affecting the stability of microtubules. Microtubule-destabilizing
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proteins include a group of proteins that upon binding to the microtubules or the tubulin
heterodimers, decrease the total microtubule polymer mass. Examples of such proteins
include stathmin, mitotic centromere-associated kinesin (MCAK), and katanin and exam-
ples of microtubule-stabilizing proteins include stable tubulin only protein (STOP), End-
binding (EB) 1, CLIP-170, tumor overexpressed gene (TOG), and surviving. Many of these
microtubule dynamic regulators play a pivotal role in cell division.

3.1. Other Microtubule Stabilizing Proteins
3.1.1. STABLE TUBULIN ONLY PROTEIN (STOP)

Another group of MAPs that promote microtubule stabilization are STOP proteins.
These calmodulin-regulated and calmodulin-binding proteins are encoded by a single
gene that displays highly variable tissue specificity because of mRNA splicing and
alternate promotor use. The STOP gene is localized to chromosome 13q3. An interest-
ing feature of these proteins is that, unlike other MAPs such as MAP2 and tau, they
stabilize microtubule polymers against cold induced depolymerization (96). STOPs are
expressed in both neuronal and nonneuronal cell types, and a lack of these proteins is
thought to be associated with defects in synapse function in mice (97). STOP proteins are
also involved in neuronal differentiation and are required for normal neurite formation (98).

3.1.2. END-BINDING PROTEIN 1 (EB1) AND OTHER PLUS END TRACKING PROTEINS

EB1 belongs to an evolutionary conserved family that regulates microtubule assembly
and stability. EB1 was originally identified by its physical association with the carboxy-
terminal portion of the adenomatous polyposis coli (APC) tumor suppressor protein, an
APC domain commonly mutated in familial and sporadic forms of colorectal neoplasia
(99). EB1 associates with APC and p150glued (also known as dynactin 1), a component
of the dynactin complex. EB1 colocalizes with microtubules, preferentially at their plus
ends, throughout the cell cycle (100). Another term for the behavior of proteins that asso-
ciate on microtubule ends is “plus-end tracking’ proteins (+TIP) (101,102).

Overexpression of EB1 induces microtubule bundles that are more resistant
to nocodazole and more acetylated than regular microtubules (100). Analysis of the
functional domains of EB1 protein family members revealed overlapping but distinct
regions that contain the C-terminal signature that associates with APC and p150glued

(103). Interestingly, the APC or p150glued binding domains are not required for EB1-
or the EBF3-induced microtubule bundling. EB1 is a potent inducer of microtubule
polymerization and is a specific marker of growing microtubule tips (104–109).
Apart from the interaction of EBI with microtubule tips, both EB1 and APC localize
to centrosomes and are functional components of this system (110). EB1 plays an
important role in anchoring the minus end of microtubules to the centriole. EB1
binding also reflects kinetochore directionality during cell division suggesting that
EB1 may have a functional role in the polymerization of kinetochore microtubules
and/or attachment (111).

In recent years the number of identified +TIPs and their proposed mechanisms of
action have been increasing (reviewed in ref. 112). The first evidence for the existence
of +TIP was observed with live cell imaging between a fusion protein of a MAP called
cytoplasmic linker protein, CLIP-170, and green fluorescent protein (113). CLIP-170 is
a nucleotide-sensitive MAP that links microtubules to endocytic vesicles in vitro
(114,115). The plus end tracking of CLIP-170 is mediated by microtubule treadmilling
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(116). CLIP-170 proteins add to the plus ends of growing microtubules, but then soon
these molecules dissociate behind a region of new microtubule growth giving the illu-
sion that they are moving along with the microtubule although individual CLIP-170
molecules are stationary. All CLIP-170 family members have the ability to plus-end
track and these proteins contain one or more conserved MTBs, referred to as CAP-Gly
at their N-terminal end. This domain is also found in the p150glued subunit of dynactin
(a complex that regulates cytoplasmic dynein, a motor protein), certain tubulin folding
factors and a member of the kinesin motor superfamily (117).

CLIP-170 and CLIP-115 associate specifically with the ends of growing micro-
tubules as plus-end tracking proteins and may act as microtubule stabilizing factors.
Two CLIP-associated proteins (CLASPs) have been identified (118). CLASPs have a
number of functional features such as:

1. Ability to bind CLIPs and microtubules; 
2. Colocalize with the CLIPs at microtubule plus ends; and 
3. Exhibit microtubule-stabilizing effects in transfected cells. 

CLASP2 appears to be involved in orientating stabilized microtubules toward the cells
leading edge (118). Evidence suggests that CLIP-170 may mediate the association of
dynein/dynactin to microtubule plus ends, and it binds to kinetochores in a dynein/
dynactin-dependent fashion, in both cases, through its C-terminal domain. The C-terminal
domain contains two zinc finger motifs that are thought to mediate protein–protein
interactions. A protein implicated in normal brain development, LIS1 was originally
identified in a rare brain malformation called Lissencephaly I, and it interacts with
dynein and other proteins. LIS1 has been shown to colocalize and directly interact 
with CLIP-170. The recruitment of LIS1 to kinetochores is a dynein/dynactin depend-
ent process, and CLIP-170 is dependent on its binding to LIS1 (119). Overexpression
of CLIP-170 leads to localization of phospho-LIS1 and dynactin to stabilized micro-
tubule bundles. LIS1 appears to play a role as a regulated adapter between CLIP-170
and cytoplasmic dynein at sites involved in microtubule transport, and/or in the control
of microtubule dynamics.

3.1.3. DIS1/TOG

In recent years, a new family of MAPs, the human analog of TOG (Dis1/TOG) family
has been identified as regulators of microtubule function (120). The Dis1/TOG family
is highly conserved in evolution. Unlike the structural MAPs, the localization and
function of Dis1/TOG proteins are not dependent on their microtubule-binding activ-
ity and they tend to perform their diverse roles by interacting with other regulatory
molecules such as microtubule motors and centrosomal proteins. A 6,449 bp cDNA,
termed colonic, hepatic tumor over-expressed gene (ch-TOG) that is highly expressed
in human tumors and brain has been described and it encodes for a 218 kDa TOG
polypeptide. The distribution of TOG is cell cycle-dependent and is associated with
centrosomes and spindles in mitotic cells (121). In contrast, during interphase it con-
centrates in the perinuclear cytoplasm. TOG cosediments with paclitaxel-stabilized
microtubules and TOG can promote microtubule assembly in vitro (121). TOG dis-
plays high homology to XMAP215, a previously described MAP from Xenopus eggs,
and appears to be important for microtubule rearrangements and spindle assembly in
dividing cells (120).
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3.1.4. SURVIVIN

Survivin is a member of the inhibitor of apoptosis gene family and functions both as
a suppressor of apoptotic cell death and as a regulator of cell division. It is localized to
both kinetochores and mitotic spindle microtubules, and increases microtubule stability
by either directly regulating microtubule dynamics or by recruitment of MAPs and
motor proteins (122,123). Wild-type p53 negatively regulates survivin expression at the
gene and protein levels, by repressing the survivin promoter (124). The role of survivin
in the inhibition of apoptosis and in the regulation of microtubule dynamics may poten-
tially facilitate evasion from checkpoint mechanisms of cell cycle arrest and promote
resistance to antimicrotubule agents (122).

3.2. Microtubule Destabilizing Proteins
3.2.1. STATHMIN

A major tubulin-regulatory protein is stathmin (also referred to as oncoprotein 18,
OP18; metablastin; p19), which was first identified as a highly overexpressed protein in
leukemia (125,126) and as a protein that underwent phosphorylation in response to
extracellular stimuli (127). Stathmin is a well-conserved, ubiquitous, cytosolic phos-
phoprotein that destabilizes microtubules and forms specific complexes with tubulin
dimers (128,129).

The stathmin gene resides on chromosome 1q36, and expression has been detected
in all tissues, with the highest levels found in brain, neurons, testis, and leukemic lympho-
cytes (130). Stathmin belongs to a family of structurally related proteins that are also
expressed in the nervous system and include superior cervical ganglion (SCG)10,
SCG10-like protein (SCLIP), RB3 and two splice variants RB3’ and RB3’’ that dis-
plays microtubule destabilizing activity (131,132) (Fig. 4). Stathmin interacts directly
with microtubules (129), through a complex of one stathmin molecule to two tubulin
heterodimers (133,134). Stathmin binds to the region around helix 10 of α-tubulin
dimer, a region involved in longitudinal interactions in the microtubule, sequestering the
dimer and linking two α/β-tubulin heterodimers (135). Insight into the interaction of
stathmin with tubulin has been gained with the aid of a 3.5 Å model of tubulin in com-
plex with colchicine and with the stathmin-like domain of RB3 (136,137). The RB3-
stathmin-like domain resembles a hook-like appearance that holds two bound tubulin
heterodimers (Fig. 5).

The interaction of stathmin with tubulin is directly dependent on the degree of stath-
min phosphorylation, whereby increasing phosphorylation inhibits binding (138,139).
The sequential cell cycle-dependent phosphorylation on four serine residues, Ser16, 25,
38, and 63 abolishes the microtubule-destabilizing activity of stathmin, with phosphory-
lation of Ser63 contributing substantially to the inactivation (reviewed in ref. 140). Two
possible mechanisms of microtubule destabilization by stathmin have been proposed:

1. Sequestration of tubulin heterodimers resulting in depletion of the soluble tubulin avail-
able for polymerization (reviewed in ref. 141); 

2. Stimulation of microtubule catastrophe (129). 

It appears that both mechanisms can occur depending on pH, with tubulin-sequestering
and catastrophe-enhancing activity observed at pH 6.8, and only catastrophe-enhancing
at pH 7.5 (142). Decreased stathmin expression favors increased microtubule polymeriza-
tion (143) whereas increased expression reduces microtubule polymer mass (138,144).
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Fig. 4. Schematic diagram of the stathmin-family of proteins. The stathmin-like domain is highly con-
served among the family members. Stathmin is unique among the family members as it contains a
polyproline II helix in the N-terminal region. Apart from the remaining N-terminal region, which is not
structured, the remaining protein has a α-helical structure. Adapted from ref. 168. To view this figure in
color, see the insert and the companion CD-ROM.

Interestingly, increased stathmin levels have been identified in acute leukemia
(125,145), lymphoma (145,146), neuroblastoma (147), and breast cancer (148) com-
pared with normal tissue. Levels of stathmin phosphorylation significantly correlated
with a high percentage of leukemic blast cells in S-phase and white blood count at
diagnosis, suggesting that this could be a valuable target to inhibit the proliferation of
leukemia cells (149). A somatic mutation in stathmin was recently identified in an
esophageal adenocarcinoma (150). Transfection studies of the mutant stathmin into
NIH3T3 cells resulted in foci formation and tumor growth when transplanted in immun-
odeficient mice. Cells expressing the mutant stathmin had altered tubulin ultra structure,
and cell cycle analysis revealed a doubling in the percentage of cells in G2/M. The
mutant stathmin had decreased specific phosphorylation, suggesting that mutations in
stathmin affecting the phosphorylation capacity have profound effects on cell home-
ostasis that may lead to tumorigenicity (150). These studies suggest that regulation of
microtubule dynamics may have a causal relationship to cancer development.

Cell lines displaying overexpression of stathmin show decreased microtubule poly-
merization, decreased paclitaxel binding, and decreased paclitaxel sensitivity (151).
In paclitaxel-resistant A549 lung cancer cells with an α-tubulin mutation (152) and
increased microtubule dynamic instability (153), the active nonphosphorylated form
of stathmin was increased about twofold, whereas the inactive phosphorylated forms
were barely detected (152). The two-dimensional polyacrylamide gel electrophoresis
analysis of the childhood tumor neuroblastoma found that more aggressive neuroblas-
tomas that coincidently are less responsive to therapy, have reduced phosphorylation
of stathmin (147).



Stathmin, like MAP4 is negatively regulated by wild-type p53 (154,155). Antisense
inhibition of stathmin was found to be synergistic with paclitaxel in inhibiting growth
and clonogenic potential of K562 leukaemia cells (156). In combination with stathmin
inhibition, paclitaxel induced more severe mitotic abnormalities and increased apoptotic
effects. Inhibition of stathmin expression also resulted in increased sensitivity to pacli-
taxel and decreased sensitivity to vinblastine (157). In support, overexpression of stath-
min in human lung carcinoma cells led to the increased sensitivity to vinca alkaloids
vindesine and vincristine, but no changes in sensitivity to taxanes were observed (158).
In human breast cancer cell lines that harbored mutations in p53 overexpression of
stathmin was associated with decreased levels of microtubule polymer, and conse-
quently, with decreased binding of paclitaxel and increased binding of vinblastine.
Interestingly, stathmin-overexpressing cells were less sensitive to both of these antimi-
crotubule agents (151). Although the resistance of stathmin-overexpressing cells to
paclitaxel was predicted according to altered microtubule dynamics and drug binding,
resistance to vinblastine was unexpected, as the increased binding of the drug to the
cells was observed. However, by measuring the amount of mitotic-specific phosphopro-
teins in controls and stathmin-overexpressing cells treated with vinblastine, it was found
that stathmin decreases the number of cells entering mitosis. This impediment in cell
progression from G2 to mitosis was thought to be responsible for diminishing the cyto-
toxic effects of vinblastine (151).
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Fig. 5. Structure of tubulin-colchicine:RB3-tubulin complex. Insight into the interaction of stathmin with
tubulin has been gained with the aid of a 3.5 Å model of tubulin in complex with colchicine and with the
stathmin-like domain of RB3. The RB3-stathmin-like domain resembles a hook that holds two bound
tubulin heterodimers (shadowed by the white dotted line for clarity) (Protein Data Bank entry 1SA1)
(137). To view this figure in color, see the insert and the companion CD-ROM.



3.2.2. KATANINS

Other microtubule-destabilizing proteins include Xenopus Kinesin Catastrophe
Modulator 1 (XKCM1), Xenopus Kinesin Superfamily protein (XKIF)2 and katanin,
XKCM1 and XKIF2 are Kin I kinesins that unlike most kinesins that use ATP to move
along a microtubule, depolymerize microtubules. Katanin is a heterodimeric micro-
tubule-severing protein that localizes to centrosomes (159) and is responsible for the
majority of M-phase severing activity in Xenopus eggs (160), and is essential for releas-
ing microtubules from neuronal chromosomes. (161). The kinesin-like proteins XKCM1
and XKIF2 are required for the formation and maintenance of the mitotic spindle. These
proteins cause rapid microtubule disassembly in vitro, binding preferentially to micro-
tubule ends, both plus and minus, and cause destabilization of the microtubule lattice
(162,163). However, unlike stathmin, XKCM1 does not seem to possess tubulin-seques-
tering activity (reviewed in ref. 164).

3.2.3. MITOTIC CENTROMERE-ASSOCIATED KINESIN

In the mitotic spindle, kinetochore microtubules facilitate the separation and segre-
gation of chromosomes (123). The functions of kinetochores include the attachment of
the sister chromatids to the opposing poles of the spindle, generating force for the pole
ward chromosome movement, positioning chromosomes on the spindle plane, and
control of anaphase/metaphase transition. Several motor and accessory proteins such
as kinesins and dyneins, centromere proteins (CENP-B, -C, -E and -F), inner centromere
protein (INCENP), and MCAK are involved in performing these functions (123,165).
MCAK belongs to a unique group of motor proteins that are not motile but can desta-
bilize microtubules. It is a member of the Kin I subfamily of kinesin-related proteins
and it is an ATPase that catalytically depolymerizes microtubules by increasing the rate
of dissociation of tubulin from the ends of microtubules (166).

The correct attachment of kinetochore microtubules is essential for the correct sepa-
ration and segregation of chromosomes. The serine/threonine kinase Aurora B belongs
to a family of proteins that constitutes key regulators in the execution of mitotic events.
Aurora B is thought to regulate kinetochore-microtubule attachments and promote cor-
rect chromosome biorientation. MCAK can depolymerize microtubules. Both Aurora B
and MCAK proteins have comparable functions where they localize to mitotic cen-
tromeres. They regulate microtubule dynamics, correct chromosome congression, and
correct erroneous kinetochore-microtubule attachments. Aurora B has been shown to
phosphorylate and regulate MCAK both in vitro and in vivo (167). Aurora B activity
was essential for the localization of MCAK to centromeres, but not to spindle poles.
Upon Aurora B-induced phosphorylation of serine 196 in the neck region of MCAK,
microtubule depolymerization activity was inhibited (167). Demonstrating a direct link
between the microtubule depolymerase MCAK and Aurora B kinase.

SUMMARY

The organization of interphase microtubules and mitotic spindles are dramatically
altered during the cell cycle and development and this organization is highly dependent
on interactions between microtubules and accessory proteins. The highly coordinated
events that lead to separation and segregation of chromosomes are highly dependent of
microtubule dynamics. The molecular mechanisms underlying this dynamic behavior
are multifaceted and not yet fully understood. What is clear however is that microtubule
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regulating factors such as MAPs and other microtubule interacting proteins that either
reduce or enhance microtubule dynamics during different phases of the cell cycle, are
essential for many cellular functions.
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SUMMARY

The tubulin molecule is unusual because of the number and nature of post-trans-
lational modifications that it undergoes. These modifications may be involved in reg-
ulating microtubule stability and interactions with microtubule-associated proteins,
but they also may have as yet undiscovered functions. Certain of these modifications
are found in many other proteins; these include phosphorylation of a serine residue
in β-tubulin and acetylation of a lysine residue in α-tubulin. Other modifications
occur exclusively, or almost exclusively in tubulin. Among these are the removal and
addition of a tyrosine at the C-terminus of α and the addition of several glutamate or
glycine residues to the γ-carboxyl group of glutamate residues in the C-terminal
regions of both α and β. The identification of the mechanisms by which these modi-
fications occur and of their roles in microtubule assembly and function are currently
very active topics of research; they will be addressed in this chapter.

Key Words: Tubulin; α-tubulin; β-tubulin; post-translational modification; phospho-
rylation; acetylation; tyrosinolation; polyglutamation; polyglycylation; deglutamylation.
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1. INTRODUCTION

The tubulin molecule is subject to a large number of different post-translational mod-
fications (Table 1). With the possible exception of collagen, no protein is modified in as
many different ways. Some of these modifications, such as phosphorylation and acety-
lation are common to many proteins. Others, such as polyglutamylation, are very rare,
whereas still others, such as tyrosinolation/detyrosinolation and polyglycylation, have
so far been reported only in tubulin. Many of these modifications are widespread among
eukaryotic tubulins. In this review, the various post-translational modifications will be
defined, and described or speculated on their functional significance. Wherever the known
enzymes are involved in these modifications shall be described. The post-translational
modifications of tubulin have been reviewed before (1–5). Here, the authors shall 
concentrate on the more recent findings.

2. TYROSINOLATION/DETYROSINOLATION (α)

The genes for most of the vertebrate α-tubulin isotypes encode a tyrosine at the 
C-terminus, preceded by a glutamate (see Table 7 in Chapter 6). One exception is α4,
whose C-terminal residue is glutamate. The C-terminal tyrosine is removed by a tubu-
lin carboxypeptidase and can be added back by the enzyme tubulin-tyrosine ligase in a
reaction requiring ATP but not involving any kind of ribosome or RNA (6). The ligase
can also add a tyrosine to the α4 isotype (7). The ligase has been purified and charac-
terized (8,9). Purification of tubulin carboxypeptidase is still incomplete (10–12). The
favored substrate of the ligase is the free tubulin dimer, whereas the carboxypeptidase
prefers the microtubule (13,14).

Tubulin monomers that contain the C-terminal tyrosine are often referred to as 
“Tyr-tubulin,” whereas the ones lacking the C-terminal tyrosine are called “Glu-
tubulin.” Thus, Tyr-tubulin can be detyrosinolated to form Glu-tubulin, which can
then be retyrosinolated to form Tyr-tubulin. Immunofluorescent staining of cultured
cells revealed that these two tubulin classes are able to form two different subsets of
microtubules. Microtubules containing Tyr-tubulin are present in the interphase net-
work as well as the metaphase spindle, whereas those containing Glu-tubulin are
absent from the mitotic spindle (15). In general, Glu-tubulin is enriched in stable
microtubules, whereas microtubules containing Tyr-tubulin are labile (16,17). Glu-
tubulin is often seen in axonemes, sperm manchettes, basal bodies, centrioles, cen-
trosomes and the primary cilium as well as in the perinuclear region (18–22). In
addition, the pattern of tyrosinolation in specific tissues can change during develop-
ment (23,24). Microtubules made of Glu-tubulin appear to interact with the interme-
diate filament protein vimentin through a kinesin-dependent mechanism (25–27),
suggesting a role for this modification in microtubule-intermediate filament
“crosstalk.”

The tyrosinolation/detyrosinolation cycle may play a role in axoneme motility. In sea
urchin sperm flagella, outer doublets 1, 5, and 6 are preferentially tyrosinolated, whereas
doublets 3 and 8 are largely detyrosinolated (28). The former group corresponds to the
place where the flagellum bends. Perhaps tyrosinolation makes the microtubule more
flexible in this region. The tyrosinolation/detyrosinolation cycle has been seen not only
in mammals, but also in a variety of invertebrates, plants, and protists (19,20,29,30)
(Table 1). In corn, tyrosinolation/detyrosinolation is highly tissue-specific. For example,
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the α6 isotype is tyrosinolated in pollen and detyrosinolated in leaves and anthers (30).
Similarly, in pine and onion, all the microtubules in the root tip contain Tyr-tubulin but
not Glu-tubulin (31).

How does the tyrosinolation/detyrosinolation cycle function at the molecular level?
There are two models that address this question. First, the presence or absence of the 
C-terminal tyrosine can act as a signal to another protein, rather than changing any of
the intrinsic properties of the protein itself. For example, microtubules made of Glu-
tubulin interact with a complex at the growing end, thereby stabilizing the micro-
tubule (32,33). The Glu-tubulin by itself does not stabilize the microtubule (34). The
fact that in rat seminiferous epithelium detyrosinolation is associated with micro-
tubule depolymerization is consistent with the hypothesis that the C-terminal residue
is only a signal, and that the meaning of the signal may vary with different tissues
(35). In the second model, removal of the tyrosine can alter the conformation of the
C-terminal end and conceivably change the intrinsic properties of the tubulin mole-
cule itself (36). The presence of tyrosine may affect the likelihood that the C-termi-
nus would project out from the tubulin molecule rather than lie down along the tubulin
surface; thus, the C-terminal tyrosine could affect the overall conformation of the
tubulin molecule. Both models could be true. The second model is likely to occur less
frequently because the C-terminal end is already highly negatively charged and the
tyrosine is an uncharged residue. On the other hand, the tyrosine could engage in a
hydrophobic interaction with another hydrophobic residue, possible even another
tubulin dimer in a microtubule.

One additional possibility is that tyrosine can be part of the nitric oxide signaling sys-
tem. The tubulin-tyrosine ligase can incorporate nitrotyrosine, itself generated by the
interaction of nitric oxide with tyrosine, onto α-tubulin (37). This can accompany neu-
ronal differentiation induced by nerve growth factor (38). Tubulin with a C-terminal
nitrotyrosine inhibits differentiation of muscle cells (39). However, incorporation of
nitrotyrosine into tubulin is irreversible and can cause disorganization of the cell, per-
haps by altering the relative proportions of stable and unstable microtubules and or by
affecting the binding of other proteins to the C-terminal region (40).
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Table 1
Phylogenetic Distribution of Tubulin Post-Translational Modificationsa

Tubulin Modification Animals Plants Fungi Protists

α Acetylation Yes Yes No Yes
Detyrosinolation Yes Yes No Yes
Deglutamylation Yes No No No
Polyglutamylation Yes Yes No Yes
Polyglycylation Yes No No Yes
Phosphorylation Yes No No Yes
Palmitoylation Yes No Yes No

β Phosphorylation Yes No No No
Polyglutamylation Yes No No Yes
Polyglycylation Yes No No Yes

aSource: Refs. 6,19,20,29–31,47–60,75–79,102–104,114,121,122,135,137.



3. DEGLUTAMYLATION (α)

This is a modification that probably happens to Glu-tubulin: the C-terminal glutamate is
removed (41). The resulting α-tubulin, lacking both the C-terminal tyrosine and the penul-
timate glutamate, is referred to as Δ2-tubulin. The enzyme that removes the glutamate has
not been identified. In contrast to the story with the C-terminal tyrosine, once the penulti-
mate glutamate is removed, it is never added back. In other words, Δ2-tubulin is unable to
participate in the tyrosinolation/detyrosinolation cycle. Δ2-tubulin represents about 35% of
mammalian brain α-tubulin; it is also found in sea urchin sperm flagella and cilia (42). The
levels of Glu-tubulin and Δ2-tubulin have been found to increase significantly in rat cardiac
muscle just before heart failure, indicating a possible role of these tubulins in the stabiliza-
tion of microtubules during stress conditions (43). When Banerjee and Kasmala (44) exam-
ined taxol-induced microtubule assembly of Tyr-tubulin and Δ2-tubulin, they found that the
former polymerized much faster and to a greater extent than did the latter. On the other
hand, when assembly was studied in the presence of magnesium and glycerol, Tyr-tubulin
assembled much more slowly than did Δ2-tubulin. There is some evidence that cold-resistant
microtubules in the gerbil cochlea consist of Δ2-tubulin that is acetylated and polyglycy-
lated (45). This is consistent with the finding that Tyr-tubulin from bovine brain had 1–4
glutamates added, whereas Δ2-tubulin had 1–3 glycines added instead (46). In other words,
there is some coordination among the post-translational modifications of tubulin.

4. ACETYLATION (α)

α-Tubulin undergoes acetylation at the ε-amino group of lysine 40 (47,48). The mon-
oclonal antibody specific for this modification has been widely used for studying the
distribution of acetylated tubulin in various cells and tissues (49). Tubulin acetylation
has been observed in both vertebrates and invertebrates and in plants and protists as well
(29,31,47–60) (see Table 9 in Chapter 6). Acetylation of tubulin even occurs in the prim-
itive protist Giardia (61). Acetylated tubulin is enriched in the neuronal growth cones
and also in the leading edges of fibroblasts (62,63). In chondrocytes, acetylation has
been seen in centrioles, centrosomes, primary cilia, and the perinuclear region (22).
Mature cochlear cells contain acetylated tubulin (23). The microtubules of the spermatid
manchette are also acetylated (18). An α-tubulin acetyltransferase and a tubulin deacety-
lase have been identified in Chlamydomonas (64,65). In addition, indirect studies with
the histone deacetylase 6 (HDAC6) demonstrated that acetylation of tubulin may regulate
microtubule-dependent cell motility (66). HDAC6 is able to deacetylate tubulin in vivo
(67). Overexpression of HDAC6 increased tubulin deacetylation and induced chemotactic
cell movement, indicating that acetylation of α-tubulin may perform important roles in
regulating cell signaling and homeostasis.

In general, acetylation is most common in microtubules that are very stable, such as
axonemes and axostyles (68). However, it appears that a cold-resistant subpopulation of
microtubules in other cells contains acetylated tubulin (45). As tubulin is generally puri-
fied by cycles of assembly and disassembly in a process that is based on the cold-lability
of microtubules, the possibility that a substantial fraction of the acetylated tubulin whose
properties would be well worth studying is discarded should always be considered.
Acetylated microtubules appear to be more resistant to colchicines, although not to
thiobendazole (69). Correlation should not imply causation, however, Palazzo et al. (70)
found that acetylation does not make microtubules more stable to nocodazole, and they
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suggested that rather than acetylation conferring stability, stable microtubules become
acetylated. On the other hand, Matsuyama et al. (71) observed that inhibiting HDAC6
increased microtubule stability in vivo. Recently the drug tubacin was identified (72);
this compound specifically inhibits the class II HDAC6 and blocks deacetylation of
α-tubulin in cultured mammalian cells without affecting that of the histones. Interestingly,
the microtubules of these cells do not become more stable as a result (73). These some-
what contradictory results suggest that the acetylation/stabilization connection is not a
simple one. Also, Casale et al. (74) reported that acetylated tubulin inhibited brain plasma
membrane Na+, K+-ATPase. How that relates to microtubule stability is not clear.

5. POLYG108LUTAMYLATION (α,β)

This is an unusual modification in which a glutamate is added to the γ-carboxyl group
of specific glutamate residues in the C-terminal region of tubulin through an isopeptide
(α/γ) linkage. To this added glutamate are then added several others through α/α linkages,
resulting in as many as 17 glutamates in a single chain (19). Immunohistochemistry and
mass spectrometry have been used to study the distribution of polyglutamylation both
phylogenetically and at the subcellular level. Polyglutamylation of tubulin occurs in ani-
mals (vertebrates, echinoderms, insects, and nematodes), plants, and protists
(19,20,30,59,75–79) (Table 1). The fact that Giardia tubulin is polyglutamylated sug-
gests that this modification is very ancient (78).

As is the case with acetylation, polyglutamylation is common in stable microtubules,
such as those of centrioles, basal bodies, axonemes, and axostyles (19,20,68,76,79–82).
However, glutamylation also occurs on microtubules that are less stable, such as neu-
ronal microtubules (76,81) and cochlear microtubules (where it rises and falls during
development) (23,24). However, the pattern of glutamylation is different in very stable
microtubules. In axonemes, for example, both α and β are polyglutamylated; in neu-
ronal tubulin, mainly α is thus modified (76,82,83). Nevertheless, during neuronal dif-
ferentiation, β becomes polyglutamylated as well (83,84). Interestingly, the gall-midge
Asphondylia ruebsaameni, an insect that has an aberrant sperm flagellum, containing
hundreds of doublet microtubules, has the reverse pattern in its flagellum, where α is
only slightly glutamylated and β has high glutamylation (79).

Very stable microtubules are usually polyglutamylated, whereas less stable microtubules
are sometimes monoglutamylated (83–87). The microtubules of centrioles, basal bodies,
and axonemes are polyglutamylated (19,83). Polyglutamylation also occurs in brain
microtubules (46,87). Mitotic and meiotic spindles in germ cells are generally made of
monoglutamylated tubulin, although mitotic spindles in HeLa cells are polyglutamylated (83).

The distribution of glutamylation in axonemes is very complex. Generally, the prox-
imal parts of the axoneme are likely to be polyglutamylated, the more distal parts monog-
lutamylated (79,80,83). In regular axonemes, doublets 1, 5, and 6 (where the axoneme
bends during wave propagation) are less glutamylated than the rest of the outer doublets
(80). Interestingly, these doublets 1, 5, and 6 are also enriched in tyrosinolated tubulin
(28). In contrast to these, acetylation of α is spread evenly throughout the axoneme (80).
Insects have additional accessory microtubules along the periphery of the sperm flagel-
lum. These accessory microtubules are less glutamylated (74).

The mechanism by which this modification occurs is probably quite complex.
One enzyme must scan the C-terminal end of tubulin to find an appropriate glutamate
residue to which to add another glutamate through an α/γ linkage. After that, a second
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enzyme, a tubulin polyglutamylase, adds a series of glutamates to the first one through
α/α linkages (88). A tubulin polyglutamylase has been purified from the trypanosome
Crithidia (89). It forms a complex with the tubulin dimer and can add glutamates to both
α- and β-tubulins from brain (89). In this respect, the Crithidia enzyme is different from
the putative mammalian brain equivalent, which preferentially glutamylates α. A simi-
lar enzyme has been observed in HeLa cells, perhaps existing as two isozymes (90). The
fact that polyglutamylation was found in brain Tyr-tubulin and Glu-tubulin, but not in
Δ2-tubulin, suggests that the penultimate glutamate residue must be essential for the
tubulin polyglutamylase (46).

What is the function of polyglutamylation and how does it serve it? Polyglutamylation
influences binding of microtubule-associated proteins (MAPs) to tubulin in an unusual
bell-shaped pattern, with least binding seen with tubulin with no glutamates or with six
glutamates added, the highest binding is seen in tubulin with 3–4 glutamates added
(91–93). It is thus possible that polyglutamylation influences binding of MAPs and
kinesin and may thus play an important regulatory role in the cell. A specific role
for tubulin polyglutamylation in pigment granule transport in the Atlantic cod has been
proposed (94). Polyglutamylation adds a number of negative charges to a region of the
molecule that is already strongly negatively charged. It is therefore highly likely that
the polyglutamylated C-terminus will project from the microtubule surface. Such a
projection could interact with MAPs and kinesin. Despite being common in stable
microtubules, polyglutamylation of tubulin does not increase cold-resistance (45).
However, Antarctic fish tubulin is only slightly polyglutamylated, this probably allows
dynamic behavior at cold-temperatures (95).

6. POLYGLYCYLATION (α,β)

In addition to polyglutamylation, both α- and β-tubulin also undergo polyglycylation
by the addition of multiple glycine residues to the γ-carboxyl groups of specific glu-
tamic acid residues near the C-terminus (96–99). As with the former modification, the
first glycine is connected to the glutamate residue through an α/γ linkage. The remain-
ing glycines are added to the first one by α/α linkages. This is a large-scale modifica-
tion: in Paramecium, up to 34 glycines can be added to a single tubulin molecule
(96,100), also, about 60% of β-tubulin in bull sperm is polyglycylated (97). Unlike
polyglutamylation where one chain of glutamates is added to a single specific residue,
in polyglycylation, the glycines are added to more than one glutamate residue in the 
C-terminal region. In Paramecium β-tubulin, for example, the glycines are added to glu-
tamates in or near the axonemal signal sequence (101). In Paramecium, the glycylated
residues are glu437, glu438, glu439, and glu441 (bold-faced in the following sequence:
EGEFEEEGEQ). The most abundant polyglycylated β isoform has two glycines added
to glu437, two to glu438, one to glu439, and one to glu441.

Polyglycylation is a widely distributed modification, occurring in animals (verte-
brates, echinoderms, mollusks, and insects) and protists, but apparently not in plants or
fungi (30,102–104) (Table 1). In Giardia, thought to be among the simplest eukaryotes,
both α and β are polyglycylated (61). Polyglycylation is particularly common in
microtubules forming stable organelles, such as axonemes and basal bodies (105).
Interestingly, polyglycylation has not been observed in centrioles (82). If this last obser-
vation continues to hold up, the absence of polyglycylation might constitute one of the
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few biochemical differences between basal bodies and centrioles. In the unusual sperm
flagellum of the gall-midge A. ruebsaameni both α and β are polyglycylated to a small
extent (79). Small amounts of polyglycylation are seen in the accessory microtubules of
bee sperm (79). Polyglycylation is also observed in less stable microtubules, such as
those of the cochlea and neurons (24,45,46). In these cases, however, the extent of
polyglycylation appears to be much less; up to three attached glycines have been observed
in neuronal tubulin (46,106).

The mechanism by which polyglycylation occurs is unclear. The polyglycylating
activity has never been isolated although a deglycylating activity has been observed in
Paramecium (106). This finding suggests that there is a polyglycylation cycle. The first
step is likely to be the addition of a single glycine to a glutamate through an α/γ linkage.
Such monoglycylated tubulin has been seen in newly formed cilia and basal bodies (105).
The next step would then be the addition of more glycines through α/α linkages. The
third step would be the removal of some or all of these glycines by a deglycylase.

The role of polyglycylation in axonemes is fairly clear. When the glycylated gluta-
mates of Tetrahymena β-tubulin are replaced by other amino acids, the result is highly
deleterious (107). Mutants lack central pair microtubules and the B-tubule of the outer
doublets (108) (the structure of the axoneme is described in Chapter 1). In contrast,
similar inhibition of polyglycylation of α had no effect (108). These results imply that
polyglycylation of β is essential for the proper architecture of the axoneme. As polygly-
cylation occurs in the signal sequence of β, one could argue that the role of this particular
sequence in isotypes such as mammalian βIVb is to provide a site for polyglycylation,
which in turn is necessary for proper construction of the axoneme, specifically the cen-
tral pair and the B-tubules. Such a model is consistent with two other findings. First, when
purified axonemal outer doublet microtubules are incubated with mammalian brain
tubulin dimers, the latter polymerizes onto the A-tubule much more readily than onto the
B-tubule (109). Brain tubulin, lacking the extensive polyglycylation, would have difficulty
forming a B-tubule. Second, the extent of polyglycylation appears to be uniform along the
length of the axoneme, in contrast to polyglutamylation, which is highest at the proximal
end and then decreases distally (79). If polyglycylation specifies and maintains the unusual
architecture of a microtubular organelle, then one would expect it to be uniform through-
out that organelle. On the other hand, a modification such as polyglutamylation, which
may form a gradient, would not be necessary for architecture but rather for function. In
fact, a gradient of modifications has been proposed to act as a vernier to regulate the place-
ment along the axonemal microtubules of radial spokes during movement (110).

The role of polyglycylation in other microtubules is unclear. Perhaps it defines a sta-
ble subset of microtubules. Polyglycylated microtubules in the gerbil cochlea are more
resistant to cold; however, these microtubules also contain Δ2-tubulin and acetylated
tubulin, and so one cannot uniquely attribute cold resistance to the presence of polyg-
lycylation (45). However, the observation of Banerjee (46) that polyglycylation occurs
on Δ2-tubulin and not on Tyr-tubulin suggests a fine coordination among these post-
translational modifications. This, in turn, raises the possibility that polyglycylation of
neuronal α-tubulin may be functionally significant. In evaluating its function, it must be
kept in mind that the cerebral cortex and other brain structures contain cilia (111). These
are nonmotile cilia lacking the central pair microtubules (112). In at least one case, the
ependymal cilia, known to contain the βIV isotype, which contains the axonemal signal
sequence, is the prime site for polyglycylation (113).
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7. PHOSPHORYLATION (α,β)

Phosphorylation of mammalian brain β-tubulin was the first post-translational mod-
ification of tubulin to be discovered (114). Later work showed that phosphorylation of
mammalian β-tubulin was restricted to the βIII isotype; the phosphorylated residue is
a serine near the C-terminal end (115–117). βIII is phosphorylated in brain but not in
the testis (118). Avian βVI is also phosphorylated near the C-terminal end at ser441
(119). Both α and β are phosphorylated in sea urchin sperm in both the A- and B-
tubules of the outer doublets (120). Only α is phosphorylated in Chlamydomonas
axonemes, however, both serine and threonine are phosphorylated (121). Carrot tubu-
lin is also phosphorylated (122). Tyrosine phosphorylation occurs in α-tubulin in acti-
vated human B-lymphocytes (123). Both α and β are phosphorylated on tyrosine
residues in nerve growth cones from fetal rats and in uterine smooth muscle of the rat
(124–126). Little is known about the phylogenetic distribution of tubulin phosphoryla-
tion at specific sites.

The precise mechanism of phosphorylation of tubulin is not yet clear. The tyrosine
kinase Syk has been implicated in phosphorylation of lymphocyte α-tubulin (123). In
the brain, serine phosphorylation of βIII may involve a form of casein kinase but other
kinases could be involved as well (127–129).

The function of tubulin phosphorylation is also not clear. Khan and Ludueña (130)
removed some of the phosphate on βIII using phosphatase 2A, the resulting tubulin
assembled normally in the absence of MAPs but its assembly in the presence of MAP2
was significantly decreased. This implies that the phosphate may promote interaction
with MAPs, a reasonable supposition as MAPs bind to the phosphorylated area (131).
Phosphorylation of βIII accompanies maturation and differentiation of neurons
(132–134). As speculated in Chapter 6, phosphorylation of βIII may be a way to
enhance its assembly into microtubules, whereas also decreasing the dynamic behavior
of the resulting microtubules by promoting their interaction with MAPs. The function
of phosphorylation in axonemes and other microtubule organelles is not known.

8. PALMITOYLATION (α)

Tubulin, like many other proteins, can undergo palmitoylation (135,136), this modi-
fication involves addition of the fatty acid palmitate to the sulfhydryl group of a cysteine
residue. The presence of a covalently linked palmitate could allow anchoring of a pro-
tein to a membrane. The major palmitoylated residue is cys376 of α-tubulin (136). The
modification has been seen in mammals and yeast. Mutation of the palmitoylated residue
in Saccharomyces cerevisiae has a striking effect during mitosis and changes the position
of the nucleus (137). Thus, it is possible that palmitoylation may play a role in proper 
orientation of the mitotic spindle.

9. OTHER MODIFICATIONS

Terashima et al. (138) used NAD-arginine ADP-ribosyltransferase to add an ADP-
ribosyl group to bovine brain tubulin. The effect of the modification was to inhibit micro-
tubule assembly. However, the fact that the enzyme used was from the chicken and that
this modification has not been demonstrated in vivo means that its physiological signif-
icance is not clear.
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Neuronal tubulin may last a long time and accumulate covalent modifications charac-
teristic of aged proteins. These modifications could conceivably be catalyzed by reactive
oxygen species. One of these is the isomerization of asparagine and aspartate residues to
generate isoaspartate (139). Another is the formation of lysinoalanine crosslinks between
tubulin molecules (140). It is possible that these modifications could eventually compro-
mise neuronal function if the modified tubulin is not turned over fast enough. Other than
that, the physiological significance of these modifications is not clear.

10. EVOLUTION OF THE POST-TRANSLATIONAL 
MODIFICATIONS OF TUBULIN

The post-translational modifications of tubulin are so numerous, and some, the most
bizarre and complex, are very widespread among eukaryotic tubulin, that it is likely that
they can tell us about the evolution of tubulin and its isotypes. They will be examined
one at a time. So far, phosphorylation of tubulin appears randomly distributed. The best-
studied examples occur near the C-terminus of certain vertebrate tubulin β-isotypes
(βIII and βVI), which have a serine in this region. It is known that certain tyrosines are
phosphorylated in mammalian tubulin, that both α- and β-tubulin are phosphorylated in
sea urchin flagella and that α is phosphorylated in Chlamydomonas flagella, although
the specific phosphorylated residues have not been identified (120,121,123–126). Although
phosphorylation is widespread, there is as yet no compelling evidence to suggest that
there is a single tubulin phosphorylation site conserved among eukaryotic phyla.
Certainly, there are many β-tubulins that do not have a serine near the C-terminus.
Similarly, there is no evidence of a tubulin-specific kinase. Also, phosphorylation is
such a common modification of proteins that it is easy to imagine a tubulin mutating to
acquire a phosphorylation site when such a modification may have been adaptive. In
short, tubulin phosphorylation does not seem ancient and there is no reason to imagine
that the first α- and β-tubulins were phosphorylated. Palmitoylation of α-tubulin is
probably more ancient, having been observed in both mammals and yeast (135–137).
Palmitoylation has not been demonstrated in plants or protists. However, the palmitoy-
lation site, cys376, is conserved among the plants and protists so it is conceivable that
this modification arose very early in evolution.

How old is the tyrosinolation/detyrosinolation cycle? It has been observed among
animals, plants, and protists but not among the fungi (6,19,20,29,30). One would expect
that for an α-tubulin to participate in this cycle, its C-terminus should end with either
EY or E. That is the case for most of the animal, plant, and protist α-tubulins. All of the
vertebrate α’s, except for α8 and αTT1, fit this model (see Table 7 in Chapter 6).
Therefore, it is likely that this is a very old modification. However, the cycle is a readily
reversible process that can regulate microtubule stability. The regulation appears to
involve an indirect signaling mechanism rather than a direct structural change (32,33).
One might expect, therefore, that the cycle with its associated tubulin-specific ligase and
carboxypeptidase and the proteins involved in signaling would have appeared somewhat
later in evolution, when microtubules had evolved to serve a variety of complex func-
tions beyond axonemal motility and centriole and basal body formation. On the other
hand, the degree of tyrosinolation varies among the axonemal outer doublets of sea
urchins (28) in a pattern that has been argued helps to regulate motility. It has been seen
that the degree of polyglutamylation varies in a complementary way, both modifications
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working to ensure that one set of doublets is more flexible than the others. Having two
regulatory systems working together may allow more precise control of motility but it
is likely that one system would be enough to generate some degree of motility. As
polyglutamylation, according to present knowledge, is more widespread and common
(involving both α and β instead of just α) than the tyrosinolation/detyrosinolation cycle,
it is likely that the latter evolved more recently. If future experiments reveal that the
degree of tyrosinolation varies in the outer doublets of the axonemes of a variety of pro-
tists then there might be need to revise this conclusion and accept that the cycle is
equally as ancient as polyglutamylation. An analogous argument could be made for deg-
lutamylation, which also requires α-tubulins to end in either EY or E. Although this
modification has so far only been observed in animals, so many α-tubulins end in either
EY or E that it is possible that deglutamylation will be observed in other eukaryotes.
However, for the moment it should be assumed that deglutamylation is considerably
younger than most of the other modifications.

Acetylation of α at lys40 is undoubtedly a very old modification, occurring in ani-
mals, plants, and protists, but not fungi (29,31,47–60). As one would expect, lys40 is a
highly conserved residue, except in fungi. Acetylation is seen in α-tubulins in axonemes
and centrioles, suggesting that it may have been a feature of the earliest microtubule
organelles. In striking contrast to other α-tubulins, mammalian and avian α8 lacks lys40
and also cannot undergo deglutamylation nor participate in the tyrosinolation/detyrosi-
nolation cycle (141). This strongly suggests that the α8 isotype has a unique functional
significance. It is interesting that, besides α-tubulin, the eukaryotic proteins that have
been reported to have acetylated internal lysines consist almost entirely of proteins asso-
ciated with the nucleus (histones, transcription factors, nuclear import factors, the
nuclear receptor HNF-4, proliferating cell nuclear antigen, and nonhistone chromoso-
mal proteins) (142,143). Many ribosomal proteins (that, like nuclear proteins, interact
with nucleic acids) are also acetylated (144). Acetylation of lysines has also been seen
in a DNA-binding archaeal protein (145). As will be seen, a similar pattern is observed
in polyglutamylation.

Polyglycylation has been observed in plants, animals, and protists and, indeed, in
every organism that has been examined (30,102–104). Although it is present in both α
and β, it appears to be intimately associated with the signal sequence for axoneme for-
mation. This signal sequence, or something very similar, is common to all nonfungal 
β-tubulins. Polyglycylation has been observed in both basal bodies and axonemes but
not in centrioles. Should this difference hold up then it might be that polyglycylation
arose after basal bodies and centrioles acquired different functions. If, as argued earlier,
polyglycylation is required for formation of doublet microtubules, then it must be nec-
essary for the addition of the B-tubule to the A-tubule of the axonemal doublets. This
would account for its presence in basal bodies, where the B-tubule also adds to the 
A-tubule, after which the C-tubule is added to create a triplet. As the same process must
occur in centrioles, which also have triplet microtubules, it is strange that polyglycyla-
tion would not be present in these organelles. Polyglutamylation may be one of the 
oldest, perhaps the oldest, of tubulin post-translational modifications (19,20,30,59,75–79).
It occurs in animals, plants, and protists and in both α- and β-tubulins. It is associated
with centrioles, basal bodies, and axonemes. If polyglutamylation occurs in γ or ε
(although the lack of glutamates in their C-terminal regions argues against this), then
polyglutamylation may have appeared before the evolution of α- and β-tubulin and
could be very ancient indeed.
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11. SUMMARY

Tubulin is clearly subject to a wide variety of post-translational modifications. The
large number of modifications is manifested in the multiple species of tubulin seen by iso-
electric focusing (146). Many of these, such as detyrosinolation, polyglutamylation, and
polyglycylation are rare or absent in other proteins, but are widespread throughout the
world of eukaryotic tubulins, suggesting that they are very ancient. It is difficult to prepare
tubulin that has not been modified, which makes it hard to find a substrate for identifying
and purifying the modification enzymes. Nonmodified tubulin would also be a good con-
trol in experiments to test hypotheses about the roles of these modifications. Recently,
Shah et al. (147) have prepared nonmodified and viable recombinant mouse tubulin in
Escherichia coli. The tubulin dimers consisted of α2 and βIVa. This major advance should
allow some of these issues to be explored. However, the right questions need to be asked.
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SUMMARY

The tubulin molecule is an α/β heterodimer. In most eukaryotes both α- and β-tubulin
consist of isotypes encoded by different genes and differing in amino acid sequence.
Differences among isotypes are often highly conserved in evolution, suggesting that
they have functional significance. The complex isotype families in mammals,
Drosophila and higher plants have been particularly well studied. Different isotypes
often have different cellular and tissue distributions. In addition, purified isotypes dis-
play different properties including assembly, GTPase, conformation, dynamics, and
ability to interact with anti-tumor drugs. The different cellular, tissue, and species
distribution, as well as their primary structures and their in vitro properties give
clues as to the possible functions of the different isotypes, which will be discussed
in this chapter.

Key Words: Tubulin; α-tubulin; β-tubulin; βI; βII; βIII; βIV; βV; βVI; isotypes;
anti-tumor drugs; evolution; axonemes; cilia; flagella.

1. INTRODUCTION

Tubulin, the subunit protein of microtubules is an α/β heterodimer (1,2). The full
amino acid sequences of α and β were first determined in 1981 and found to be 41%
identical (3,4). The existence of tubulin isotypes was confirmed in this same work. The
amino acid sequences of the peptides, obtained from pig brain tubulin, showed hetero-
geneity at various positions, indicating that at least four forms of α and two forms of β
were expressed in pig brain, presumably encoded by different genes (3,4). Since that
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time genes for α- and β-tubulin have been sequenced from a large number of eukaryotes.
Many of these organisms contain multiple genes for α or β, or both, generally encoding
proteins of different amino acid sequence. These different proteins will be referred to as
isotypes of α or β, meaning proteins encoded by different genes with different amino
acid sequences. More recently, other very different forms of tubulin have been discov-
ered, designated as γ, δ, ε, ζ, η, θ, ι, and κ. Still others may be waiting in the wings.
These tubulins, together with α and β, are generally grouped together as the tubulin
superfamily. Some related proteins have been observed in prokaryotes as well. The
tubulin superfamily and the related prokaryotic proteins will be discussed in Chapter 7.
In addition to the genetically encoded forms of tubulin, multiple forms of α and β exist,
differing in their post-translational modifications. These will be discussed in Chapter 5.

The existence of tubulin isotypes had been predicted long before 1981. In 1967,
Behnke and Forer (5) had suggested that in view of the different stability of microtubules
performing different functions, there must be different forms of tubulin. This proposal
was later elaborated into the multitubulin hypothesis, which proposed the existence of
such forms, each one responsible for a specific function (6). As will be seen here,
the multitubulin hypothesis is fundamentally correct, although not all isotypes can be
explained this way, and, in those cases where the hypothesis applies, the functional dif-
ferences are often far more subtle and complex than originally envisioned. The area of
tubulin isotypes has been reviewed before (7–9). Here the concentration will be on
discoveries made since 1998.

2. DISTRIBUTION OF TUBULIN ISOTYPES

2.1. Phylogenetic Distribution
The existence of tubulin isotypes has been demonstrated in many organisms (Tables 1–3).

It is clear that organisms in every eukaryotic phylum exhibit multiple isotypes of both 
α- and β-tubulin. This is particularly true for the higher eukaryotes. Among the animals,
in every case where multiple isotypes of α and β have been searched for, they have been
found. One possible exception is the sea urchin Lytechinus, where a single α-tubulin
gene was reported (10). However, since this was published, multiple isotypes of α have
been found in the sea urchins Paracentrotus and Strongylocentrotus (11,12); hence, it is
very likely that further investigation will reveal multiple isotypes of α in Lytechinus as
well. Plants have a similar story. Multiple isotypes of both α- and β-tubulin have been
found in every plant that has been investigated. In short, there are no plants or animals
that have been found to express either a single α or a single β isotype. Every plant and
animal that has been studied expresses multiple isotypes of both α and β.

Protists and fungi, however, are a more complex story. Among the fungi there have
been organisms, such as Candida or Histoplasma, which express only a single α and a
single β (8). Others have a single β with multiple α. Interestingly, the converse pattern
of a single α with multiple β has not been seen in fungi. Within the different phyla of
fungi, all appear to contain species that express multiple α or multiple β isotypes, or
both. Expression of a single α or single β is restricted to the ascomycetes and
microsporidia (Table 2). In view of the pattern observed with plants and animals, one
is tempted to conclude that multicellularity favors the existence of multiple isotypes of
α- and β-tubulin.
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Table 1
Isotypes of α-, β-, and γ-Tubulin: Animalsa

Phylum/
Number of isotypes

Differences
Genus division α β γ in expression? References

Homo Chordate 7 8 2 Yes 8,76,181,185
(human)

Macaca Chordate ND ≥6 ND – 69
(Rhesus 
monkey)

Sus (pig) Chordate ≥4 ≥2 ND Yes 3,4
Bos (cow) Chordate ND ≥4 ND Yes 64
Odocoileus Chordate ND ≥2 ND – 96

(deer)
Canis (dog) Chordate ND ≥4 ≥1 – 302,303
Mus (mouse) Chordate 6 7 2 – 8,42,45,304
Rattus (rat) Chordate ≥3 ≥4 ≥1 – 183,305–311
Gallus Chordate 5 7 ≥1 Yes 8,63,173,312

(chicken)
Xenopus Chordate ≥2 ≥2 ≥1 Yes 8,43,313

(clawed 
frog)

Notothenia Chordate ≥8 ≥4 ND Yes 8,288,314
(rockcod)

Chionodraco Chordate ≥4 ≥2 ND – 288
(icefish)

Gadus Chordate ND ≥4 ND Yes 98,293
(Atlantic cod)

Oncorhynchus Chordate 4 ND ND – 8
(salmon)

Salmo (trout) Chordate ≥2 ND ND – 8
Torpedo Chordate ≥2 ND ND Yes 8

(electric
eel)

Danio Chordate 2 ND ND – 315
(zebrafish)

Ictalurus Chordate ND ≥2 ND – 97
(catfish)

Mustelus Chordate ND ≥2 ND – 97
(dogfish 
shark)

Myxine Chordate 2 ND ND – 316
(hagfish)

Branchiostoma Chordate 2 ND ND – 316
(lancelet)

Halocynthia Tunicata ND >2 ND Yes 17
Ciona Tunicata 3 ND ND – 316
Oikopleura Tunicata 10 ND ND – 317
Paracentrotus Echinodermata 4 3 ND – 8,11

(sea urchin)

(Continued)
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Table 1 (Continued)

Phylum/
Number of isotypes

Differences
Genus division α β γ in expression? References

Lytechinus (sea Echinodermata 1 2 ND – 10
urchin)

Strongylocentrotus Echinodermata 3 ≥1 2 – 12,318
(sea urchin)

Gecarcinus Arthropoda >4 ND ND Yes 319
(land crab)

Homarus Arthropoda 2 ≥1 ND – 316
(lobster)

Heliothis Arthropoda ND ≥2 ND Yes 8
(moth)

Bombyx (moth) Arthropoda ≥3 ≥4 ND Yes 19
Drosophila Arthropoda 4 3 2 Yes 8,49,320

(fruit fly)
Octopus Mollusca ND ≥2 ND Yes 8
Aplysia (sea Mollusca 2 ND ND – 321

hare)
Hirudo Annelida 2 ND ND – 322

(leech)
Trichostrongylus Nematoda ND ≥2 ND Yes 209
Caenorhabditis Nematoda 4 3 ≥1 Yes 8,21,22,

208,323
Cyathostomum Nematoda ND ≥3 ND – 324,325
Cylicocyclus Nematoda ND ≥3 ND – 325,326
Haemonchus Nematoda ≥1 4 ND – 8,207
Cooperia Nematoda ND ≥2 ND – 327
Brugia Nematoda ND ≥2 ND – 8
Gyrodactylus Platyhelminthes ND 3 ND – 328
Echinococcus Platyhelminthes ND ≥3 ND – 329

(tapeworm)
Schmidtea Platyhelminthes >1 ND ND Yes 20
Schistosoma Platyhelminthes 2 ND ND – 8

aThe table gives either the actual number of isotypes or else states that there are at least that number.
The symbol “≥” as in “≥4” means that there are 4 known isotypes but that there is a reasonable probabil-
ity of more, based on information from closely related organisms. For more information, see ref. 8, Table 1.
For purposes of comparison, the isotypes of γ-tubulin, when known, are included in this table, although 
γ-tubulin will be discussed further in Chapter 7.

Various patterns of tubulin isotype expression are observed among the protists.
Several, such as Physarum or Trichomonas express multiple isotypes of both α and
β; some, such as Euplotes express a single α and multiple β; others, such as
Chlamydomonas and Plasmodium have the reverse pattern. Dictyostelium expresses
only one α and only one β. The widespread occurrence of multiple isotypes among the
protists may reflect the complex cellular architecture of some of these organisms.

The knowledge of isotypes of γ-tubulin is still in its infancy, but it is clear that these
occur. Multiple γ isotypes have been observed among the animals, plants, and protists,
but not among the fungi. γ-tubulin, which is thought to nucleate microtubules, is found



Table 2
Isotypes of α-, β- and γ-Tubulin: Plants and Fungia

Phylum/
Number of isotypes

Differences
Genus division α β γ in expression? References

Plants
Daucus (carrot) Angiosperm ≥1 >4 ND Yes 24
Pisum (pea) Angiosperm ND 3 ND – 8
Glycine (soybean) Angiosperm ND 3 ND Yes 8,47
Solanum (potato) Angiosperm ND ≥2 ND – 8
Eucalyptus Angiosperm >1 ND ND – 8
Zinnia Angiosperm ND ≥3 ND Yes 8
Prunus (plum) Angiosperm >1 ND ND Yes 8
Oryza (rice) Angiosperm 3 3 ≥1 Yes 8,330,331
Triticum (wheat) Angiosperm >1 6 ND Yes – 25,332
Arabidopsis (cress) Angiosperm 4 8 2 Yes 8,333
Nicotiana (tobacco) Angiosperm 2 5 ≥1 Yes 334–338
Hordeum (barley) Angiosperm 5 ≥3 ≥1 Yes 28,339
Gossypium (cotton) Angiosperm ≥5 ≥6 ND – 26,340
Lupinus (lupine) Angiosperm ND ≥2 1 Yes 8,341
Populus (aspen) Angiosperm 3 ND ND – 342,343
Cosmos (sunflower)Angiosperm ≥2 ND ND Yes 44
Zea (corn) Angiosperm ≥6 8 2 Yes 8,344,345
Eleusine Angiosperm ≥3 ≥4 ND – 346,347

(goosegrass)
Miscanthus Angiosperm 8 ND ND – 348
Anemia (fern) Angiosperm 2 2 1 – 349,350
Physcomitrella Bryophyta 2 5 1 – 351–353

(moss)
Fungi
Histoplasma Ascomycota 1 1 ND – 8
Aspergillus Ascomycota 2 2 1 Yes 8
Colletotrichum Ascomycota 2 2 ND Yes 8,33,354
Candida Ascomycota 1 1 1 – 8,355,356
Neurospora Ascomycota 2 1 1 Yes 8,35,357
Trichoderma Ascomycota ND ≥3 ND – 8,358
Hypocrea Ascomycota ND 2 ND – 8
Paracoccidioides Ascomycota 2 ND ND Yes 36
Botryotinia Ascomycota ND 1 ND – 359
Erysiphe Ascomycota ND 1 ND – 8

(grass mildew)
Epichloe Ascomycota ND 1 ND – 8
Saccharomyces Ascomycota 2 1 1 No 8,213
Schizosaccha- Ascomycota 2 1 1 No 8,313

romyces
Pneumocystis Ascomycota 1 1 ND – 8,360
Geotrichum Ascomycota ND 2 ND – 8
Conidiobolus Zygomycota 2 ≥1 ND – 361,362
Rhizopus Zygomycota 3 3 ND – 361,362
Basidiobolus Zygomycota 2 2 ND – 362

(Continued)
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Table 2 (Continued)

Phylum/
Number of isotypes

Differences
Genus division α β γ in expression? References

Spiromyces Zygomycota ND 2 ND – 362
Mortierella Zygomycota ND 2 ND – 362
Powellomyces Chytridiomycota 3 ND ND – 361,362
Allomyces Chytridiomycota ND 2 ND – 363
Spizellomyces Chytridiomycota ND 2 ND – 361
Harpochytrium Chytridiomycota ND 2 ND – 361
Glomus Glomeromycota ND 2 ND – 364
Suillus Basidiomycota ND 2 ND – 365
Cryptococcus Basidiomycota ND 2 ND No 366
Encephalitozoon Microsporidia 1 1 1 – 8,367,368

aSee explanation under Table 1. 
For more information, see ref. 8, Table 2.

Table 3
Isotypes of α-, β-, and γ-Tubulin: Protistsa

Phylum/
Number of isotypes

Differences
Genus division α β γ in expression? References

Cryptosporidium Apicomplexa ND 1 1 – 8,369,370
Toxoplasma Apicomplexa 3 3 ND – 8,38
Babesia Apicomplexa ND 1 ND – 8
Plasmodium Apicomplexa 2 1 1 – 8,371
Eimeria Apicomplexa ND 1 ND – 8
Physarum Mycetozoa 3 4 2 Yes 8,372

(slime mold)
Chloromonas Chlorophyta 2 ND ND – 373

(snow alga)
Chlamydomonas Chlorophyta 2 1 1 – 8,374
Polytomella Chlorophyta ND 2 ND – 8
Volvox Chlorophyta ND 2 ND – 8,375
Paramecium Ciliophora 2 1 1 – 8,376
Tetrahymena Ciliophora 1 2 1 – 8,377
Stylonichia Ciliophora 2 1 ND – 8
Euplotes Ciliophora 1 4 2 – 378,379
Moneuplotes Ciliophora 3 ≥1 2 – 8,380,381
Histriculus Ciliophora 1 ND ND – 382
Moneuplotes Ciliophora 5 ND ND – 381
Tintinnopsis Ciliophora 2 ND ND – 383
Strobilidium Ciliophora 3 ND ND – 383
Metacylis Ciliophora 2 ND ND – 383
Laboea Ciliophora 3 ND ND – 383
Strombidinopsis Ciliophora 6 ND ND – 383
Favella Ciliophora 2 ND ND – 383
Opisthonecta Ciliophora 2 ND ND – 384

(Continued)
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Table 3 (Continued)

Phylum/
Number of isotypes

Differences
Genus division α β γ in expression? References

Halteria Ciliophora 6 ND ND – 381
Metopus Ciliophora 3 ND ND – 381
Heliophrya Ciliophora 3 ND ND – 381
Nyctotherus Ciliophora 2 ND ND – 381
Dictyostelium Acrasiomycota 1 1 1 – 8,38
Ectocarpus Phaeophyta ND 2 ND – 8
Chondrus Rhodophyta ND 2 ND – 8
Achlya Oomycota ND 1 ND – 8
Amphidinium Dynophyceae 2 ND ND – 386

(dinoflagellate)
Reticulomyxa Rhizopoda 2 2 1 – 8,387
Naegleria Heterolobosea ≥4 >1 ND Yes 8,37
Leishmania Euglenozoa ≥1 2 1 Yes 8,388,389
Trypanosoma Euglenozoa 1 1 1 – 390,391
Trichomonas Parabasalidea 2 ≥3 ND Yes 8,392
Tritrichomonas Parabasalidea ≥2 ND ND – 393
Trichonympha Parabasalidea 2 ≥1 ND – 394
Hypotrichomonas Parabasalidea 2 3 ND – 395
Monocercomonas Parabasalidea ND 2 ND – 396
Pelvetia Phaeophyceae ≥2 ND ND – 397

(brown alga)
Bigelowiella Cercozoa 3 3 ND – 398
Pyrsonympha Oxymonadida 2 ND ND – 394
Streblomastix Oxymonadida 5 1 ND – 399

aSee explanation under Table 1. 
For more information, see ref. 8, Table 3.

in centrosomes as well as other microtubule organelles. It is conceivable that fungi,
which lack centrosomes, may not require more than a single isotype of γ-tubulin.

2.2. Tissue, Cellular, and Subcellular Distribution
What functions do isotypes serve? Why have the differences among isotypes in

groups such as the vertebrates been so widely conserved? The fact of this conservation
argues that the differences must matter, but it does not prove it. One could argue that all
isotypes are completely interchangeable functionally and that there is a space of certain
amino acid sequences that are compatible with function. Evolution has randomly filled
at least part of this space. In other words, conceivably, mammalian βI, for example,
could accept certain mutations and still assemble into a microtubule that would perform
all microtubule-mediated functions; mammalian βIII could do likewise. However, βI
could not mutate into βIII, because the intermediate forms would not be viable. This
would help to account for the preservation of isotype differences in evolution. What
about the fact that isotypes often differ in their tissue distribution? One could further
argue that when a certain tissue differentiates, a cassette of genes is expressed that hap-
pens to include one particular isotype and not another. The fact that certain isotypes
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Table 4
Tubulin Isotypes in the Inner Ear of the Gerbila

Cell βI βII βIII βIV

Cochlea (adult)
Outer hair cell + – – +
Inner hair cell + + – –
Outer pillar cell – + – +
Inner pillar cell – + – +
Deiters cell + + – +
Schwann cell + ? ? ?
Neurons + + + ?
Afferent dendrites – – – –

Cochlea (developing)
Outer hair cell + + – +
Inner hair cell + + – +
Outer pillar cell + + – +
Inner pillar cell + + – +
Deiters cell + + – +
Afferent dendrites + + + –

Vestibular organ (adult)
Type I hair cell + – – +
Type II hair cell + – – +
Supporting cell + + – +
Schwann cell + ? ? ?

Neurons
Axons, soma + + + –
Dendrites + + + –
Calyx – – + –

Source: Adapted from refs. 13–15.
aAbsence of signal could indicate either that the isotype as not present in the tissue or that extensive

post-translational modification made it undetectable to the antibody.

have their expression regulated by particular factors is consistent with this model, as
will be discussed later. The result would be tissues expressing different isotypes. Each
isotype would be participating in certain generic processes such as mitosis as well as
tissue-specific processes such as secretion in the liver or axonemal motility in tracheal
epithelia. However, by this model the isotypes would be interchangeable. In other
words, if the liver isotype were to be expressed in the tracheal epithelia and not in the
liver and conversely for the tracheal isotype, processes such as secretion and axonemal
motility would not be compromised. The ideal way to prove that the structural differ-
ences among isotypes have functional significance is to demonstrate that the isotypes
are not functionally interchangeable. As will be seen later, this has been done in a few
cases. In addition, there is a great deal of other evidence that supports the hypothesis
that isotype differences are functionally significant.

As just discussed, the differences in tissue distribution among tubulin isotypes do not
constitute definitive evidence that the isotype differences are functionally significant.
Nevertheless, in many cases, the distribution of isotypes among tissues and even among
different cell types in the same tissue is extremely complex. Table 4 shows the distribution
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of isotypes in different cells of the inner ear. It is striking that adjacent cells can have
different isotype compositions, even in cells that perform similar although not identical
functions such as the inner and outer hair cells of the cochlea (13). In addition, the pat-
tern of isotypes changes during development. For example, the inner and outer hair cells
express the same set of β isotypes (βI, βII, and βIV) in early development and then the
outer hair cells stop making βII, whereas the inner hair cells stop expressing βIV (14).
It is difficult to ascribe this complexity to different cassettes of genes.

In certain cases, isotype distributions appear to differ within the same cell. For exam-
ple, some of the neurons of the gerbil vestibular organ have a portion, called the calyx,
which is like a cup enveloping the adjacent hair cell. Although the rest of the neuron con-
tains βI, βII, and βIII, only βIII occurs in the calyx (Table 4) (15). If the cell is unable to
discriminate among the isotypes, how is it able to arrange that βI and βII, but not βIII,
be restricted from entering the calyx? If the cell is able to distinguish the isotypes from
each other, then it is easy to imagine that the different isotypes can perform different
functions. Nevertheless, there is still one way out of the dilemma posed by the vestibu-
lar neurons, a way that would still allow us to maintain the functional interchangeability
of isotypes. A highly elaborate series of temporally regulated cassettes of genes can be
posited, such that only βIII is expressed when the calyx is forming, whereas all three iso-
types are expressed before that time.

Isotype distributions are also complex in other animals. This complexity has been
seen in the frog Rana (16), the tunicate Halocynthia (17), sea urchins (18), the fruit fly
Drosophila, the moths Heliothis and Bombyx (19), the mollusc Patella, the nematode
Brugia, and even the platyhelminth Schmidtea (20) (reviewed in refs. 8,9).

An intriguing example of isotype distributions has been observed in the nematode
Caenorhabditis elegans. These organisms contain touch receptor neurons whose micro-
tubules are made up of 15 protofilaments, instead of the more usual 11 protofilaments as
are the other microtubules of C. elegans. The tubulin dimers that constitute these “giant”
microtubules consist of a unique α and a unique β isotype (21,22). As will be argued later
for the mammalian βVI isotype, it is possible that microtubules of unique morphology
require unique tubulin isotypes. Of the other isotypes in C. elegans, some interchange-
ability has been observed, but one β isotype is required for centrosomes to be stable (23).

Isotype distributions are complex in plants as well as shown for maize in Table 5.
Similar complex tissue distributions of plant tubulin isotypes have been found in
Arabidopsis, soybean, carrot (24), wheat (25), tobacco, and plum (reviewed in refs. 8,9).

Table 5
Distribution of Tubulin Isotypes in Maizea

Cell/tissue β1 β2 α1 α3 α5

Seedling root tip cells + – + + –
Seedling leaf epidermis +? – + + ND
Male meiocytes + + + + ND
Pollen tubes

Axial microtubules – – + – –
Microtubules associated with either – – + +? +?
vegetative nuclei or sperm cells 
aSource: Ref. 400.



More recently, complex distributions of isotypes have been reported in cotton (26), rice
(27), and barley (28). Interestingly, one of the rice β-tubulin genes encodes three differ-
ent mRNA species, thereby creating even more isotypes (29), a rare example of tubulin
isotypes arising by alternative splicing.

The relative levels of plant tubulin isotypes appear to be controlled by hormones such
as gibberellin (27) as well as by factors that selectively degrade the mRNAs for partic-
ular isotypes (30). The story of barley is probably typical. Schröder et al. (28) did not
attempt to study the entire set of tubulin isotypes, but only the five α isotypes in the leaf.
They found that α3 was probably constitutive, being expressed at each stage of leaf
development. α2 and α4 were found largely in meristematic cells, declining during later
stages of differentiation (α2 declined more rapidly than α4). α1 and α5, however,
appeared very transiently only in the rapidly growing cells; these cells contain micro-
tubule bundles that determine the later morphology of the leaf cells (31). This work
teaches a valuable lesson in indicating that an important tubulin isotype can appear, do
its job, and then quickly disappear, and hence may escape detection in experiments.
Mutants of two specific isotypes of Arabidopsis α-tubulin altered the growth pattern of
the hypocotyls and the pattern of microtubules in the root (32), as one would expect
given the different tissue distributions of the Arabidposis isotypes.

Fungi are simpler than plants and animals. Nevertheless, differences in tubulin iso-
type expression have been observed in Colletotrichum (33), Aspergillus, Fusarium (34),
Neurospora (35), and Paracoccidioides (36) (reviewed in refs. 8,9). In some cases, these
organisms have one isotype that is high during the vegetative phase and one during coni-
diation (33,34).

Differences in expression are occasionally seen in protists, even though they are single-
celled organisms. This is sometimes the case in different stages of the life cycle and has
been observed in Plasmodium, Leishmania, Physarum, Naegleria (37), and Toxoplasma
(38) (reviewed in ref. 8). In the case of Physarum, for example, of the three stages of its
life cycle—amoeba, plasmodium, and flagellate—a different β isotype predominates at
each stage, whereas the α isotypes differ as well, but not so strikingly (39,40).

One oddity of tubulin distribution is that when an organism with multiple isotypes
has an α or a β isotype of unusual sequence that isotype is often associated with the
reproductive system. In Drosophila, the α4 isotype is only 67% identical to the other
three α isotypes; it is uniquely expressed in the oocyte and the early embryo (41). The
mouse αTT1 isotype, sharing about 70% identity to the other α, is expressed only in the
testis (42). Xenopus has an unusual α expressed in the ovary (43). The platyhelminth
Schmidtea has a highly divergent α expressed only in the testis (20). Sunflower pollen
has a unique α-tubulin, much more basic than other α. It is even thought to have a dif-
ferent tertiary structure with an altered H1/B2 loop facing into the interior of the micro-
tubule (44). The fungus Colletotrichum has a divergent β expressed only in its conidia
(33). The protist Naegleria expresses three α isotypes, one of which is only 61.9% iden-
tical to the other two α; the unusual α is not expressed in the flagellate, but only in the
dividing amoeba, where it is found in the spindle (37). It is hard to account for these
divergent isotypes being restricted to the reproductive tissues. If the divergent isotype in
one organism had a striking resemblance to the corresponding isotype in another, one
could argue that the isotypes shared a particular structural feature that is necessary to
perform a certain function related to reproduction; formation of the meiotic spindle
would be a tempting candidate. However, the divergent isotypes not only do not resemble
each other, they can occur in either male or female reproductive organs. As most of
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these divergent isotypes are α, it may be that there is a particular function carried out
by the β-subunit in, say, meiosis and that this function does not involve α at all. Perhaps
the α- and β-subunits in reproductive cells are expressed in the same cassette of genes.
If only β is performing a stringent function, one could then argue that this situation
leaves α free to diverge significantly in the course of evolution.

Not all of the highly divergent isotypes occur in reproductive tissues, however.
Mammals and birds have a very divergent β isotype whose expression is restricted to
haematopoietic tissues, including erythrocytes and platelets (45,46). This will be dis-
cussed later in more detail. The soybean produces a divergent β isotype; low levels of
this isotype are expressed in the cotyledon, and high levels in the hypocotyl, when the
soybean is grown in the absence of light (47). It may be that an isotype that performs
only a single function is more likely to diverge in the course of evolution than one that
is involved in a large number of processes.

3. FUNCTIONS OF TUBULIN ISOTYPES

3.1. Tubulin Isotypes in Drosophila
The most unambiguous demonstration of isotype-specific functions comes from a

series of experiments done in the fruit fly Drosophila. Early experiments showed that
mutation of the testis-specific β2 isotype caused inability to form axonemes of normal
morphology and function (48–51). Similar results were obtained when β2 was replaced
by the divergent β3 isotype; meiosis was blocked as well (52). It is interesting that loss
of β2 blocks meiosis but not mitosis. This observation may be connected with the fact
that in Drosophila, the meiotic spindle is surrounded by a membranous structure (53).
Conceivably, the β2 isotype may play a role in interactions of the meiotic spindle with
that membrane.

Alterations in the β3 isotype also result in specific changes. This isotype appears
for a short time during embryogenesis. Mutants of β3 have poor sensory perception.
Microtubules in the chordotonal sensory organ are more highly crosslinked in the
mutant than in the wild-type. The authors suggest that increased crosslinking may
inhibit flexibility during development leading to impaired function later on (54).
Perhaps β3 has a smaller propensity to form crosslinks. In addition, β3 expression
correlates with muscle development whereas β1 expression is induced by attachment to
the epidermis (55).

The α-tubulin isotypes of Drosophila also appear to have specific functions. Komma
and Endow (56) showed that the α67C isotype binds to the motor protein Ncd whereas
the α84B isotype does not. Mutations in α67C alter meiosis I and decrease the accuracy
of chromosome segregation (57). Hutchens et al. (58) found that replacement of the
α84B with the very similar (98% identical) α85E led to synthesis of abnormal axonemes,
often lacking the central pair microtubules as well as the outer singlet, or accessory,
microtubules, characteristic of insect sperm flagella.

3.2. Mammalian Tubulin Isotypes: the β-Isotypes
In addition to Drosophila, a good deal is now known, or at least hypothesized, about

the functional assignments of the β-tubulin isotypes in mammals. This will be reviewed
later. As will be seen, the functional significance of some of the isotypes is fairly cer-
tain, others are speculative, and some are completely unknown.
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Table 6
Vertebrate β-Tubulin Isotypesa

Designation Species C-terminal sequence Distribution

Class Ia Human YQDATAEEEEDFGEEAEEEA Widespread
Mouse YQDATAEEEEDFGEEAEEEA
Rat YQDATAEEEEDFGEEAEEEA
Chicken YQDATAEEEEDFGEEAEEEA

Class Ib Human YQDATAEEEEDFGEEAEEEA Retina
Class II Human YQDATADEQGEFEEEEGEDEA Brain, muscle,

and so on
Mouse YQDATADEQGEFEEEEGEDEA
Rat YQDATADEQGEFEEEEGEDEA
Chicken YQDATADEQGEFEEEGEDEA
Gadus YQDATADEEGEFDEEAEEDG
Notothenia YQDATAEEEGEFEEEGEYEDGA

Class III Human YQDATAEEEGEMYEDDEEESEAQGPK Neurons,
Sertoli,
and so on

Rat YQDATAEEEGEMYEDDDEESERQGPK
Chicken YQDATAEEEGEMYEDDEEESEQGAK
Xenopus YQDATAEEEGEMYEDDEEESEGQGK
Gadus YQDATAEEEENFDEEADEEIA

Class IVa Human YQDATAEQGEFEEEAEEEVA Brain
Mouse YQDATAEEGEFEEEAEEEVA

Class IVb Human YQDATAEEEGEFEEEAEEEVA Widespread,
esp. in 
ciliated 

Mouse YQDATAEEGEFEEEAEEEVA tissues,
Rat YQDATAEEGEFEEEAEEEVA sperm
Chicken YQDATAEEEGEFEEEAEEEAE
Gadus YQDATAEEEGEFEEEGEEELA
Notothenia YQDATAEEEGEFEEEGEEDLA

Class V Human YQDATANDGEEAFEDEEEEIDG Unknown
Mouse YQDATVNDGEEAFEDEDEEEINE
Chicken YQEATANDGFEAFEDDEEEINE
Xenopus YQEATANDEEEAFEEDEEEVNE

Class VI Human FQDAKAVLEEDEEVTEEAE Platelets, bone
MEPEDKGH marrow

Mouse FQDVRAGLEDSEEDAEEAEV
EAEDKDH

Chicken YQDATADVEEAEASPEKET
Class VII Human YQDATAEGEGV Unknown
Unclassified Notothenia YQDATADEMGEYEEDEIEDE

EEVRHDVRH
aSource: From refs. 45,63,67,69,181,182,217,307–310,401–403. 
The chicken has two forms of βII, differing from each other at 2 out of 445 positions (63).

3.2.1. βI
The βI isotype appears to be the most widespread among mammalian tissues (Table 6).

It has been seen in almost every tissue that has been examined (8,59). It is also found
in many avian tissues (60). It is highly conserved in evolution: although the avian and



mammalian lines diverged 310 million years ago (mya) (61), chicken and mouse βI are
identical in all 444 residues (45,62,63). The relative amounts of βI in different tissues are
very variable. In cow brains βI constitutes about 3–4% of the total β-tubulin (64); by con-
trast, in the thymus βI appears to be the major β isotype (60). In fact, thymus tubulin was
used as the positive control in the selection of the monoclonal antibody to βI (59).
However, βI is probably not a constitutive tubulin. In the gerbil cochlea, for example, βI
is expressed in hair cells but not in pillar cells (13). Also, follicle-stimulating hormone
induces expression of βI in rat granulosa cells (65), suggesting that it may be perform-
ing a specific function, although one could argue that the hormone is merely stimulating
cell proliferation, which would in turn require microtubule assembly. βI is clearly not con-
stitutive in zebrafish, where its expression is limited to the nervous system throughout
development, and in the adult brain is restricted to the regions where proliferation is
occurring (66). Higher primates appear to have two very similar forms of βI, but they are
unlikely to differ in function (67–69). Mice and chickens have only a single βI.

What might be the role of βI? Narishige et al. (70) found that cardiac hypertrophy is
accompanied by increased βI and βII. They speculated that βI may play a role in increas-
ing microtubule stability. There is some evidence indicating specific roles for βI. First, it
is found in a variety of mammalian cilia, including those of nasal epithelia, tracheal
epithelia, vestibular epithelia, and oviduct epithelia (15,71,72). Traces of βI have been
observed in mouse sperm as well (9). As will be discussed further later, the major con-
stituent of ciliary and flagellar axonemes is βIV, which has the signal sequence (EGE-
FEEE) proposed by Raff et al. (73) to be a requirement for a β-tubulin to be incorporated
into axonemes. However, although βI lacks that signal sequence, it is conceivable that the
signal sequence requirement does not apply to all of the microtubules in the axoneme.
Certainly, the structure of axonemal microtubules is sufficiently complicated that it is
easy to visualize that there are more than enough functions to be distributed among two
isotypes. For example, one could speculate that βI could form one or both of the central
pair microtubules or the B-tubules of the outer doublets.

The clearest evidence for a specific function for βI was obtained by Lezama et al.
(74) MDCK cells, βI was relatively depleted in the cortical regions of MDCK cells, an
area that is rich in actin filaments. They also observed that overexpression of βI tubulin
in MDCK cells and incorporation of exogenous βI tubulin into microtubules interferes
with adhesion and spreading. They suggest that βI may interfere with the actin–tubulin
interaction. Very recently another possible function for βI was suggested. Yanagida et al
(75) found that human fibrillarin forms a complex with the α3 and βI isotypes of tubu-
lin. Fibrillarin is involved in ribosome assembly and processing of rRNA (75). The spe-
cific role of tubulin in this process is unknown.

3.2.2. βII
The brain is the source of the tubulin used in the vast majority of experimentation in

vitro. As βII constitutes 58% of the total β-tubulin in bovine brain (64), one could say
that βII is the best studied of the tubulin isotypes. For this reason, it is highly ironic that
so little is known about βII specific function. However, as βII is highly conserved in
evolution, it probably has a particular role to play. βII has a considerably more restricted
distribution than does βI. βII is prominent in the brain, where it is expressed in both neu-
rons and glia. βII is also found in skeletal and smooth muscle and in connective tissue
(76). It is found in the breast, adrenal, and testis as well (77,78). In other tissues where
βII occurs, it is more likely to be restricted to a single cell type than is βI. For example,
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in the skin, where βI is expressed in each of the three layers of the stratum malpighii,
βII is concentrated in only one of these layers, the stratum granulosum (59).

βII is more widespread in early development. In fetal rats, not only does βII occur in
muscles, nerves, and connective tissue but also in the retina, chondrocytes, and endothe-
lial cells (77). Not surprisingly, βII also is found in neural stem cells (79). Unlike βI and
βIV, βII is generally not associated with axonemal microtubules except for those of the
cilia of olfactory epithelia (71). The significance of this finding is uncertain. An immuno-
gold electron microscopic study of axonemes in retinal and tracheal cilia showed that
βII was present near the axonemes but did not form part of their microtubules, unlike
βIV, which was clearly incorporated into the axonemal microtubules (80). βII, thus, is
probably not adapted to function in axonemal microtubules. One study in HeLa inter-
phase cells found that βII was concentrated in the perinuclear region and the periphery
of these cells. Cold treatment (which causes microtubules to break up) resulted in βII
being associated with the centrosome and the cell periphery; nocodazole treatment had
the same effect (81). This finding raises the possibility that βII may play a role in
anchoring microtubules to the centrosome and the cell periphery.

A highly unusual property of βII has recently been discovered. Ranganathan et al.
(82) observed that βII, but not βI, βIII, or βIV, occurred in the cell nuclei of prostate
tumors and benign prostate hyperplasia. A later study showed that βII was present in the
nuclei of cultured rat kidney mesangial cells in interphase in nonmicrotubule form (83).
This will be discussed later on. The possibility will be raised that βII may play a role in
organizing the nuclear membrane during mitosis. Even if βII has a function involving
the cell nucleus and mitosis, however, this does not seem sufficient to explain its very
high concentration in neurons, which undergo little or no cell division and, which
appear to have a very high ratio of cytoplasm to nucleus. A similar argument would
apply to muscles, which are also rich in βII (76), although it is perhaps relevant that in
muscle, microtubules are nucleated by the nuclear membrane rather than by the centro-
some (84). In nerves and muscles, βII probably has other functions, totally unrelated to
mitosis, but what these functions may be is a complete mystery.

3.2.3. βIII
3.2.3.1. Unusual Characteristics of βIII. The βIII isotype has six distinguishing char-
acteristics, each of which is probably relevant to developing an understanding of its
functional significance.

1. βIII is highly conserved in evolution. As is the case with βI, there are only two differ-
ences in the amino acid sequences of chicken and human βIII (85,86).

2. βIII has a highly unusual distribution of cysteines. All the vertebrate β isotypes have
cysteines at positions 12, 127, 129, 201, 211, 303, and 354. The more widely distrib-
uted β isotypes—βI, βII, and βIV—also have a cysteine at position 239. βIII lacks this
cysteine but has a cysteine at position 124 instead, where βI, βII, and βIV have a serine.
The significance of these cysteines will be discussed later.

3. βIII has an extremely narrow distribution in normal adult tissues. It is the most abun-
dant in the brain, where it is found only in neurons and not in glial cells (by contrast,
βII is found in both) (87). Its absence from glial cells has made βIII a useful marker for
neuronal differentiation (88,89). βIII synthesis can be induced by factors such as andro-
gens (90), STEF (91), and nerve growth factor (92). The latter, when combined with
retinoic acid, can cause human umbilical cord blood cells to synthesize βIII as well as
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other neuronal proteins (92). βIII also occurs in Sertoli cells and, in small amounts, in
the vestibular organ, the nasal epithelia, and the colon (93). In other adult tissues that
have been examined, βIII appears to be absent. However, βIII is found in a large num-
ber of cancers and is also widespread in some developing tissues.

4. When tubulin is reduced and carboxymethylated, βIII has a unique electrophoretic
mobility on polyacrylamide gels in the system of Laemmli (94,95). This feature has made
it easy to measure its levels in the brains of different vertebrates. βIII accounts for 25%
of the total β-tubulin in the brains of cows and 20% in deer brains (96). The fact that,
unlike the more abundant βII, βIII occurs only in neurons and not in glial cells, however,
suggests that the relative amount of βIII in neurons must be very high indeed. This is
consistent with the observation that βIII accounts for 25.7 ± 0.7% of the total β in bovine
cerebral gray matter and only 20.7 ± 0.5% in white matter, the latter being enriched in
glial cells (135). In the brains of chickens, dogfish shark, and catfish, βIII accounts,
respectively, for 14%, 8–17% and 10%, of the total β (96,97). Interestingly, in a cold-
adapted fish, the Atlantic cod Gadus morhua, βIII accounts for 30% of the total β tubu-
lin (98). However, in other cold-adapted fishes, the Antarctic cod Notothenia and the
Antarctic icefish Chaenocephalus, βIII accounts for 8–12% and 4%, respectively (97).

5. βIII is phosphorylated at a serine near the C-terminus (99). Except for βVI, the
other vertebrate β isotypes have no serines in this region and thus cannot be phos-
phorylated here.

6. The dynamic behavior in vitro of microtubules made of the αβIII dimer is higher than
that of microtubules made of either the αβII or αβIV dimers (100). 

3.2.3.2. βIII is likely to be less sensitive to reactive oxygen species (ROS) and free
radicals. Let these observations be put together to see if they point to a specific func-
tional role for βIII. The unusual cysteine distribution is a good place to begin. It has long
been known that microtubule assembly in vitro and in vivo is exquisitely sensitive to
sulfhydryl-oxidizing agents (101). Cys239 in β is very reactive and its oxidation inhibits
assembly (102,103). In other words, a tubulin molecule oxidized at cys239 cannot
assemble onto a microtubule (104). βIII lacks cys239 and has ser239 instead; βV and
βVI also have ser239. It has been shown that the αβIII and αβVI dimers are signifi-
cantly less reactive with alkylating agents than are the other isotypes and that the poly-
merization of αβVI is less inhibited by alkylation (96,105). It must be emphasized that
the presence of a serine at position 239 is highly unusual among tubulins. Outside of
βIII, βV, and βVI, every other animal β-tubulin contains cys239 (8). Also, almost every
plant and protist β-tubulin has a cysteine at either position 239 or 238 or both. Fungal
β-tubulins are virtually the only ones without a cysteine in this area. βIII also contains
a cysteine at position 124 and this is even more unusual. Except for βV and avian βVI,
there is no β-tubulin in any eukaryote with a cysteine at position 124. The fact that
cys124 and ser239 are both highly conserved in the evolution of βIII and highly unusual
in the universe of β-tubulins strongly indicates that these particular residues must play
a major role in the function of βIII.

It is probably not a coincidence that cys124 is very close to the highly conserved
cys127 and cys129. Most β-tubulins have cysteines at these positions. These three cys-
teines (124, 127, and 129) constitute a cysteine cluster. A cysteine cluster of identical
topography occurs in Von Willebrand’s protein, a giant serum protein that promotes
blood coagulation. In Von Willebrand’s protein, the cysteine cluster is the site of inter-
chain disulfide bonds (106). Von Willebrand’s protein also contains sets of vicinal
cysteines (with two residues between the cysteines)—as with cys124 and cys127 in
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βIII—that appear to undergo sulfhydryl-disulfide interchanges during polymerization
(107). It is conceivable that such an interchange occurs when the αβIII dimer polymer-
izes. On the other hand, it is possible that an intrachain disulfide forms in response to
oxidation; This possibility will be pursued later. Although it is generally thought that
disulfide bridges in proteins cannot form in the cytosol, recent evidence indicates that
the SV40 protein Vp1 forms transitory intrachain and interchain disulfides whereas
folding and oligomerizing in the cytoplasm. The mature virus has no disulfides of any
kind (108).

The absence of a cysteine at position 239 in βIII is probably very telling, especially
when one considers the effects of nitric oxide (NO) and ROS on microtubules. ROS are
generated by mitochondria and can also be found in the diet. These species can react with
sulfhydryl groups. In view of the overall high reactivity of the sulfhydryl group of cys239,
it is easy to imagine it reacting with ROS. In addition, certain tissues synthesize NO,
which is itself a free radical capable of reacting with sulfhydryl groups. One ROS, O2

–

(superoxide anion), reacts with NO to make peroxynitrite (ONOO–) (109). ONOO– in turn
reacts with tubulin to form disulfide bridges between the α- and β-subunits (109,110).
Cys239, which is close to the α/β interface (111), probably participates in this disulfide,
which inhibits microtubule assembly (112). Lacking this cysteine, the assembly of βIII
would not be inhibited. Thus, βIII is likely to be less sensitive to free radicals.

3.2.3.3. βIII is most likely to occur in tissues and tumors with elevated levels of ROS
and free radicals. Is a protective role of βIII consistent with its observed distribution?
As mentioned earlier, βIII is highly concentrated in neurons. The neuronal isozyme of
nitric oxide synthase (neuronal NOS [nNOS]) is elevated in the brain (113). NO is pro-
duced by neurons, particularly at the synapses (114–116). Although NO has not been
shown to react directly with tubulin sulfhydryls, it does react with the microtubule-asso-
ciated protein (MAPs) tau and it has been proposed that NO could thus play a regulatory
role in neuronal differentiation (117). Although there is no reason to imagine that ROS
are especially high in neurons, it must be remembered that adult neurons rarely, if ever,
reproduce. The turnover time of neuronal tubulin is unknown, but it is probably very
long, perhaps in the range of weeks or months. This long turnover time of tubulin would
give sufficient time for even a low concentration of ROS to react with tubulin and dam-
age the microtubules. Thus, there is a clear advantage for neurons to form their micro-
tubules from a tubulin isotype less likely to react with ROS, NO, or ONOO–. Incidentally,
nNOS is also elevated in muscles, which lack βIII. However, muscles appear to have lit-
tle need for microtubules so the high NO may not be a problem there.

βIII is elevated in Sertoli cells (118). These cells produce NO and are very rich in the
inducible isotype of NOS (inducible NOS [iNOS]) (119,120). The rest of the testis has very
little iNOS (120). Sertoli cells also have high levels of the enzyme superoxide dismutase,
which they also secrete. This indicates that Sertoli cells operate in an environment rich in
free radicals (121). The model would predict, therefore, that Sertoli cells would be rich in
βIII. βIII has also been seen in the vestibular organ of the gerbil inner ear. In this organ,
which is responsible for balance, the βIII is concentrated in the calyx, a neuronal extension
that cups the bottom ends of the hair cells; the dendrites, soma and axons of these particu-
lar neurons contain βI and βII in addition to βIII, but the calyx has only βIII (15). It would
seem, therefore, that βIII has some particular function in this region. It is probably not
coincidental that vestibular neurons as well as the hair cells produce both NO and ROS
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(122–125). Small amounts of βIII are present in the colon (59) and the nasal epithelium,
where βIII is even found in the cilia (71). Although these tissues are not known to produce
ROS, it is possible that the colon and the nasal epithelia would be exposed to free radicals
in the food we eat and the air we breathe. Interestingly, however, βIII, although present in
fetal lung, is absent in adult lung (126). Nevertheless, it would appear that the normal dis-
tribution of βIII in adult mammalian tissues is generally consistent with its playing a role
in protecting microtubules from oxidation by NO, ROS, or ONOO–.

The presence of βIII in tumors is consistent with this model as well. Many tumors
express βIII, including some of nonneuronal origin such as lymphomas (127–135). This
has been reviewed by Katsetos et al. (136,137). Tubulin is the target for some of the
most successful antitumor drugs such as the taxanes and Vinca alkaloids (138,139).
Hence, one could argue that cancer cells rely heavily on microtubules. Cancers gener-
ally function under oxidative stress, in which the ratio of ROS to antioxidants is abnor-
mally high (140–144). Cancer cells therefore need protection from the same ROS that
may have helped to create the cancer in the first place. There is thus a selective advan-
tage for cancer cells to make their microtubules from βIII. One might expect that the
more aggressive cancers would have more oxidative stress and hence more ROS and
more need for βIII. In fact, it has been observed that tumors of higher malignancy
express higher levels of βIII (134,137,145). A study of patients with nonsmall cell lung
cancer showed that those whose tumors had elevated βIII responded less well to drugs
and had a poorer prognosis (146). When we compared the MCF-7 and BT-549 breast
cancer cell lines, it was found that the latter, which has much more βIII than the former,
and is resistant to taxol, vinblastine, and cryptophycin 1 (147), also has a much higher
level of free radicals (Chaudhuri and Ludueña, unpublished results).

A very interesting finding that may be relevant at this point is that of Carré et al. (148).
They found that tubulin occurs in mitochondrial membranes and that the membrane tubu-
lin is enriched in βIII compared with the rest of the cellular tubulin. Mitochondrial mem-
brane tubulin represents about 2% of total cellular tubulin (148). Mitochondria are the
cells’ major producers of ROS. Perhaps the function of βIII in the mitochondrial mem-
brane is to protect the cell from ROS; conceivably this could be the role of the unusual
cys124 of βIII. The ROS could be neutralized by forming a disulfide bridge involving
cys124 and either cys127 or cys129. That disulfide could then be reduced by subsequent
reaction with the thioredoxin system, a set of proteins that cells use to protect them-
selves from free radicals. The thioredoxin system has been shown to reduce disulfide
bridges in tubulin (110). This is obviously highly speculative, but the possible role of
mitochondrial membrane βIII in protecting cells from ROS does parallel the postulated
role of βIII in protecting microtubule assembly from ROS.

3.2.3.4. The unusual dynamic behavior of βIII may be highly regulated. If βIII helps
a cell cope with oxidative stress, why don’t all cells use βIII for their microtubules and
not bother with the other isotypes? Does βIII have a countervailing disadvantage? There
is evidence that it does. When the αβII, αβIII, and αβIV dimers are allowed to assem-
ble in vitro in the absence of MAPs, αβII, and αβIV begin to assemble immediately, but
αβIII only assembles after a long lag-time (149). Whether this is a phenomenon involv-
ing nucleation or elongation of microtubules is not clear. In the presence of either tau or
MAP2, however, αβIII assembles without a lag-time, exactly as does αβII (150). In
another experiment, when βIII was transfected into Chinese hamster ovary (CHO) cells,
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microtubule assembly in the cells actually decreased (151). It thus appears that βIII may
have an intrinsically lesser ability to polymerize into microtubules. Cells such as neu-
rons, which require large amounts of βIII, may compensate for its poorer polymeriza-
tion by synthesizing tau, MAP2, or other MAPs. It is interesting that βIII and MAP2 are
often synthesized concurrently, not only in neurons (91,152) but also in nonneuronal
tumors (90,135).

Another unique property of βIII is that microtubules formed of αβIII are consider-
ably more dynamic in vitro than those formed of either αβII or αβIV (100). This prop-
erty may be very important in development. βIII is expressed in the embryonic nervous
system in neurons as well as in cells that later stop expressing it (136). βIII is also
expressed in differentiating neuroblastoma cells (153) and in regenerating neurons
(154,155). It is possible that neurons undergoing rapid growth and differentiation
require very dynamic microtubules (136). A small amount of MAP2 is probably
expressed at this stage (156) and may be sufficient to allow the αβIII dimer to form
microtubules. At this stage βIII is not phosphorylated; once the neurons have matured,
βIII becomes phosphorylated (157).

3.2.3.5. A Model for βIII Function. All these observations and speculations could be
put together into a model for the functional role of βIII, based in part on the ideas of
Katsetos et al. (136). In the embryonic nervous system, and perhaps in other cells as well
(158), the high dynamicity of microtubules made of αβIII helps the cells to grow and dif-
ferentiate. At some point, the cells begin to express other isotypes such as βII and βIV
that are less dynamic, possibly as a way to regulate the overall dynamic behavior of the
microtubules. As the cells differentiate, glia, and other nonneuronal cells stop expressing
βIII. In neurons, however, which are faced with problems caused by NO and ROS, βIII
expression is retained in order to protect microtubules from oxidation. However, the high
dynamicity conveyed by βIII is curtailed, perhaps by increased synthesis of other tubulin
isotypes or MAPs, but also by phosphorylation, which is known to promote interaction of
βIII with MAP2 (159).

Although this is an attractive model, there are some potential problems with it. First,
the high dynamicity of microtubules formed of αβIII was obtained using fully phospho-
rylated βIII from bovine brain (100). The model assumes that phosphorylation would
decrease dynamicity, and therefore predicts that nonphosphorylated βIII would have
even higher dynamicity. This prediction, however, has yet to be tested. Second, one
could argue that, according to the model, all embryonic tissues should express βIII, as
they are all undergoing rapid growth and differentiation. However, this does not seem
to be the case (158). It may be that the βIII gene is one of a set of genes that is activated
in embryogenesis only in the nervous system and a discrete set of other tissues. The
remaining tissues in the embryo may need to find another way to create dynamic micro-
tubules, perhaps using a different tubulin isotype.

3.2.4. βIV
Mammals have two forms of βIV, designated as βIVa and βIVb. The former is

expressed only in the brain, whereas the latter is expressed in many tissues including the
brain (62). The sequence differences between the two are minor, always involving very
conservative amino acid substitutions. Although it is conceivable that there is a func-
tional difference between βIVa and βIVb the fact that birds only have a single βIV
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suggests that this is not likely to be the case. At any rate, the monoclonal antibody used
to localize and purify βIV does not distinguish between βIVa and βIVb (150).
Therefore, in this review the two isotypes will be referred collectively as βIV.

βIV has one very clear-cut function: it occurs in axonemes, the microtubule-based
apparatus that powers cilia and flagella. In mammals, βIV has been localized in sperm
flagella (9), and in cilia of the tracheal epithelium, brain ependyma, oviduct, efferent
duct of the testis, vestibular hair cells, retinal rod cells, olfactory neurons, and esophageal
progenitor cells (15,71,72,80,160). In fact, βIV has been found in every mammalian
axoneme that has been tested (72). This finding is totally consistent with the prediction
of Raff et al. (73) who proposed that any β-tubulin that forms part of an axonemal
microtubule must contain, very close to the C-terminus, the sequence EGEFXXX
(where X is D or E). Of the mammalian β-tubulin isotypes, βIVa, and βIVb are the only
ones with this sequence. Therefore, it can be concluded that one function of βIV is to
form the axonemal microtubules.

Exactly what role does βIV play in the axoneme? The axoneme is a highly special-
ized structure, consisting of at least 125 different polypeptides (161). In the middle are
two singlet microtubules, known as the central pair. Along the periphery are nine dou-
blet microtubules, known as the outer doublets. Each of these doublets consists of a com-
plete microtubule called the A-tubule and an incomplete microtubule called the B-tubule
(162). During motility the motor protein dynein that is connected to the A-tubule of each
outer doublet interacts with and slides along the B-tubule of the adjacent outer doublet
in a pattern that appears to be regulated by the central pair microtubules (163,164).
When one considers the structure of the axoneme, one would imagine that the outer
doublet is the specialized microtubule that requires a specific type of tubulin. In con-
trast, the central pair microtubules seem uncomplicated. In addition, the outer doublet
cannot be formed in vitro. Recently, however, it has become clear that the central pair
microtubules are special and that they have to rotate around each other to determine
which outer doublet pairs slide past one another (163,164). Like the distributor of a car,
the rotating central pair microtubules serially make contacts, through some bridging
proteins, with specific outer doublets. It should not be surprising if this highly complex
microtubule machinery requires a particular tubulin isotype. In fact, there is room in this
scenario for more than one isotype. It has been mentioned earlier that many axonemes
also contain βI (72).

It is possible that βIV is involved in determining axonemal microtubule structure
rather than being directly required for motility. This is based on the observation that two
of the cilia types in which βIV occurs are nonmotile: the retinal rod and the kinocilia of
the vestibular hair cell (15,80). Whether βIV plays a role in intraflagellar transport is not
clear (165).

In Drosophila, the β-tubulin isotype, β2, is the only one that contains the EGEFEEE
motif and is the only one found in the sperm flagellar axoneme. If β2 loses this motif,
or if β2 is replaced by β1, then the outer doublet microtubules are present but not the
central pair. Clearly, the EGEFEEE motif is very important. Interestingly, however, if
the axoneme motif is inserted into β1, then the outer doublets and central pair are all
present, but the distal end of the axoneme is abnormal. This implies that the EGEFEEE
motif is not enough to specify a proper axoneme; the other parts of the β2 isotype must
also be important (166). Extending this finding to mammals, one could argue that βIV
is required for proper formation of both the central pair and outer doublet microtubules.
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What is the role of the EGEFEEE sequence? It appears to be the site for polyglycy-
lation, a post-translational modification in which a series of glycines are attached to the
γ-carboxyl group of glutamate residues. This modification is very common in axonemal
tubulin. The polyglycyl side chain is thought to be necessary for the assembly of the
central pair microtubules as well as the B-tubule (167). This modification will be dis-
cussed further in Chapter 5. From these observations it is probably safe to hypothesize
that βIV is a major constituent of axonemal microtubules because it has a sequence that
can be polyglycylated and that this polyglycylation is necessary to form the central pair
and outer doublet microtubules.

However, the experiment on Drosophila described above implies that other parts of the
βIV molecule are necessary for proper formation of the axonemal microtubules. Therein
lies a problem for the mammalian sperm cell. The conformation of αβIV is significantly
less rigid than that of either αβII or αβIII (168). The high levels of ROS in the testis we
have already commented on. Although the precise susceptibility of the αβIV dimer to oxi-
dation has never been tested, it is likely to be higher than that of the other isotypes. The
need to protect βIV from oxidation may account for the presence of the protein thiore-
doxin-like 2 in sperm cells and tracheal cilia. This protein binds well to microtubules and
is presumably capable of reducing any disulfide bridges that form in βIV (169).

Another possible function for βIV was observed in cultured rat kidney mesangial
cells. The microtubules of these cells contain largely βI and βIV (170). When the cells
are extracted, the βI microtubules disappear completely, but the βIV becomes associ-
ated with actin filaments (171). Interactions between microtubules and actin filaments
are becoming well known (172). The results described here raise the possibility that βIV
may be involved in these interactions. It may be that βI and βIV have opposite effects
on microtubule–actin crosstalk.

3.2.5. βV
βV is the most intriguing of the β isotypes. It is highly conserved in evolution, sug-

gesting that it may have a specific function. However, not only is that function unknown,
even the normal distribution of βV is not known. Using mRNA measurements, Sullivan
et al. (173) showed that in chickens βV is found in every tissue outside of the brain.
Preliminary results with a monoclonal antibody to βV, however, suggest that it is found
in mammalian brain but in relatively few other tissues (174). Further work will be nec-
essary to resolve this. Perhaps the only clue to the function of βV is that it has the same
distribution of cysteine residues as βIII. In other words, it has cys124 but lacks cys239.
If, as was speculated earlier, cys124 allows βIII to react harmlessly with ROS and if the
lack of cys239 allows βIII to form microtubules resistant to oxidation, then perhaps the
same is true for βV. In fact, βV could conceivably do the job of βIII in tissues that lack
that isotype.

3.2.6. βVI
βVI is the least conserved of the β isotypes. In fact, avian and mammalian βVI are so

different from each other that it is not clear that they belong to the same isotype class.
They have been grouped together because they are clearly associated with the hematopoi-
etic system. In chickens, βVI forms the microtubules of the erythrocyte; in mammals,
whose erythrocytes lack microtubules, βVI is found in platelets and in hematopoietic tis-
sues such as bone marrow and spleen (45,46). βVI has a unique arrangement of cysteines.
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As is true for βIII and βV, βVI has ser239 instead of the assembly-critical cys239.
Keeping to this same pattern, chicken βVI has cys124, although mammalian βVI has
ser124 (45). Mouse and chicken βVI also have two extra cysteines: at positions 37 and
315 (45,63). One of these may be involved in the disulfide bridge that has been observed
in mammalian platelet tubulin (175).

Platelet tubulin has been extensively studied. βVI constitutes about 90% of the total
platelet β-tubulin (176). The transcription factor NF-E2 induces βVI synthesis in the
megakaryocytes of the bone marrow (177). Platelets are formed by budding off from

Table 7
Vertebrate α-Tubulin Isotypesa

Designation Species C-terminal sequence Distribution

Class I Human α1 VDSVEGEEEGEEY Mostly brain
Human α3 VDSVEGEEEGEEY Widespread
Mouse α1 VDSVEGEGEEEGEEY
Mouse α2 VDSVEGEGEEEGEEY
Rat α VDSVEGEGEEEGEEY
Chicken α1 VDSVEGEGEEEGEEY
Xenopus α1 TDSVEGEGEEEGEEY
Torpedo α VDSVEGEGEEEGEEY
Notothenia α VDSIEGDEEEEGEEY
Notothenia α VDSIEGDGEEEGEEF
Salmon α GDSIEGEGEEEGEEY

Class II Human α2 VDSVEAEAEEGEEY Testis
Mouse α3/7 VDSVEAEAEEGEEY
Rat α3/7 VDSVERKGEEGEEY
Trout α VDSVEGEAEEGEEY

Class III Human α4 IDSYEDEDEGEE Brain, muscle
Mouse α4 

IDSYEDEDEGEE
Rat α4 IDSYEDEDEGEE
Chicken α5 LDSYEDEEEGEE

Class IV Human α6 ADSADGEDEGEEY Blood
Mouse α6 ADSAEGDDEGEEY
Xenopus ADSADAEDEGEEY
Notothenia α ADSLGGEDEEGEEY
Notothenia α ADSLGDEEDEEGEEY

Class V Human α8 TDSFEEENEGEEF Heart, skeletal
muscle, and
testis

Mouse α8 TDSFEEENEGEEF
Chicken α8 TDLFEDENEAGDS

Class VI Mouse αTT1 MGSVEAEGEEEDRDTSC Testis
CIMFSSSIGNRHPC 

Class VII Xenopus TESGDGGEDEEDEY Ovary
Unclassified Danio ADSTDDCGEDEEEY

Source: From refs. 8,43,185,305,306,678,401–410. The classification adopted here is based on that of
Lewis and Cowan (410).

aMouse α1 and mouse α2 differ from each other at 1 position. The mouse α3 and α7 genes have dif-
ferent nucleotide sequences but encode identical proteins, referred to as α3/7.



megakaryocytes (178). Platelets have a marginal band at the periphery of the cell. The
marginal band consists of a single microtubule about 100 μm long, wound around itself
7–12 times (176,178,179). Inhibition of βVI synthesis results in platelets with a mar-
ginal band consisting of a single microtubule with only 2–3 coilings; platelets are
spherical instead of discoid and, in some experiments, blood coagulation is compro-
mised (176,179,180).

Based on these results one could hypothesize that the peculiar structure of βVI lends
itself to forming the marginal band microtubule. This hypothesis appears to be correct.
Platelets lacking βVI contain a marginal band formed of the βI and βII isotypes. In the
normal platelet, 95% of βVI is in the marginal band, whereas about 45% of βII and 58%
of βI are incorporated (179). It would thus seem that βVI is better adapted to forming
this unusual microtubule organelle than are the other β isotypes.

3.2.7. βVII
Very little is known about βVII. Its sequence lacks most of the C-terminus and it is

expressed in the brain (181,182). Its function, distribution, and properties are com-
pletely unknown.

3.3. Mammalian Tubulin Isotypes: the α-Isotypes
There is not much to say about the specific functions, if any, of the α isotypes in

mammals. Their tissue distributions seem much less complex, as far as is known, than
the distributions of the β isotypes (Table 7). α1 is found mostly in brain but also in a
variety of other tissues (8). α2 is similar (183,184). α3/7 is found only in the testis,
where it is the major α isotype. α4 is widespread, especially in muscle and heart; α6 is
also widespread, but less common than the others. α8 is considerably divergent in
sequence, being only 89% identical to the other α (except for the even more divergent
αTT1); it is found in heart, testis, and skeletal muscle, and at very low levels in the brain
and pancreas (185). The unusual isotype αTT1 is found only in the testis, where it is a
minor component of the α population (42).

The α1, α2, α3/7, α4, and α6 isotypes are at least 94% identical in amino acid
sequence. In addition, the differences tend to be conservative such as ser/thr or ilu/val.
When viewed in conjunction with the fact that the tissue distributions of several of these
are quite similar, it is hard to imagine that the differences among these isotypes are
functionally significant. However, α8, with its more divergent sequence and its highly
restricted distribution, may be an exception. This isotype has a unique sequence at posi-
tions 35–45, which is TFDAQASKIND and TFGTQASKIND, respectively, in human
and mouse α8. The equivalent sequence in α1, α2, α3/7, α4, and α6 is the completely
different QMPSDKTIGGG. This region corresponds to a loop located on the inner
microtubule wall that may play a role in contacts between adjacent protofilaments
(185). Conceivably, microtubules with α8 could have very different dynamics than
those containing the other α isotypes. The fact that the unique features of α8 are highly
conserved in evolution suggests that these are functionally significant.

Even though some functional differences among mammalian α isotypes are plausi-
ble, none have ever been demonstrated in vitro or in vivo. One approach to this ques-
tion would be to develop more antibodies specific for α isotypes and then use them for
detailed immunohistochemistry as well as to purify tubulin dimers homogeneous for
their α-subunit. If the α isotypes exhibit complex cellular distributions, as is the case,
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for example, with the β isotypes of the cochlea that would be highly instructive.
Similarly, comparison of the behavior in vitro of different α isotypes may reveal func-
tional differences. However, such a comparison has to account for differences that may
arise because of different extents of tyrosinolation/detyrosinolation and deglutamyla-
tion. In addition, it would be good to know which combinations of specific α and β iso-
types occur in different tissues. At the moment, much remains to be done to allow us to
understand the significance of the mammalian α isotypes.

3.4. Tubulin Isotypes May Have Functional Roles 
That Do Not Involve Microtubules

As the mammalian β isotypes have been surveyed, occasional indications of tubulins
that may have functional properties of at least potential physiological relevance that do
not involve being part of a microtubule have been seen. For example, βII, occurring in
the nuclei of various cell types, has been seen as a reticulum rather than as a micro-
tubule; it is in the form of an αβII dimer with apparently normal drug-binding proper-
ties (83). Although most of the cells in which this occurs are abnormal, soluble αβII has
been shown to compete with heterochromatin protein 1 for binding to the nuclear enve-
lope (186). Similarly, βIII occurs in mitochondrial membranes where it may act to pro-
tect the cell from ROS (148). Cells treated to destroy the microtubules show βIV bound
to actin. Whether an interaction between actin and soluble αβIV dimers occurs in intact
cells is not clear. Nevertheless, the idea of tubulin acting in a nonmicrotubule context is
not a new one. A spiral polymer of tubulin constitutes the conoid structure of the pro-
tist T. gondii (187). A possibly analogous situation is provided by the enzyme glu-
tathione peroxidase. Usually, the role of this selenium-containing protein is to protect
cells from ROS (188). The sperm isozyme of glutathione peroxidase has an additional
function, however. After the sperm cell has matured, this isozyme polymerizes to form
a sheath around the mitochondrion, losing its enzymatic activity in the process (189). In
a sense this is the converse of the situation in microtubules. On the one hand, there has
been glutathione peroxidase that normally functions as a monomer, one isoform of
which polymerizes, losing its original function. On the other hand, there has been tubu-
lin that normally forms polymers, but that has at least one isoform that can abandon its
role in forming that polymer and assume another function. Regardless of the applicabil-
ity of this particular analogy, the idea that certain tubulin isotypes may have functions
that do not involve forming microtubules may be worth pursuing.

An unusual finding that may speak to a possible nonmicrotubule role of βII is its
occurrence in the nuclei of a wide variety of cells. This was first discovered in rat kid-
ney mesangial cells (83). In these cells, an antibody to βII strongly stained the nuclei
but not the cytoplasm. The staining occurred throughout the nuclei, but was concen-
trated in the nucleoli. When the mesangial cells enter mitosis, the βII leaves the nuclei
and helps to form the mitotic spindle. During telophase, βII enters the reforming
nucleus. In contrast, βI and βIV, that constitute the interphase microtubule network,
enter the spindle during mitosis, at the end of mitosis returning to the interphase net-
work. These two isotypes never enter the nuclei.

The nuclear βII was in the form, not of a microtubule, but of a reticulum (83). Western
blot analysis of the purified nuclei indicated a band reactive with the antibody to βII that
comigrated on gels with bovine brain βII. Cells from which the cytosol had been
extracted showed α-tubulin in the nuclei as well. Treatment of the cells with fluorescent
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colchicine showed accumulation of fluorescence in the nuclei in a pattern indistin-
guishable from that of βII, suggesting that the nuclear tubulin was in the form of an αβII
dimer, capable of binding to colchicine. Disruption of the nuclear βII staining
with nocodazole, taxol, and vinblastine, corroborated this interpretation (190,191).
Microinjection of fluorescently labeled αβII into the cytosol of rat kidney mesangial
cells resulted in accumulation of fluorescence in the nuclei. In contrast, microinjected
fluorescent αβIII and αβIV did not enter the nuclei (170). It thus appeared that there
was a process that, in these cells, resulted in an αβII dimer entering the nuclei. The fact
that micro-injected αβII only entered the nuclei after a cycle of cell division had been
completed suggests that nuclear transport may not be involved in the process but rather
that the nucleus assembles around the αβII dimer (170).

Other studies revealed that only certain cultured nontransformed cells contained
nuclear βII, whereas nuclear βII occurred in almost every cultured cancer cell (192). A
survey of about 200 tumors excised from patients showed nuclear βII in 74% of them
(76). In general, nuclear βII staining was very variable, depending on the tumor type.
In tumors of the prostate, stomach, and colon, nuclear βII was seen in every sample
studied. In contrast, only a few hepatic and brain tumors showed nuclear βII. In some
excisions, nuclear βII occurred in almost every tumor cell, but sometimes in only a frac-
tion. The intensity of nuclear staining also varied. The pattern of intranuclear staining
was variable as well. In some cases, βII was concentrated in the nucleoli; in others it
appeared to stain the entire nucleoplasm except the nucleoli. Cytoplasmic staining of
βII was also highly variable. Many samples appeared to have βII only in their nuclei and
not in the cytoplasm.

The study with human tumors revealed two unusual patterns. First, nuclear βII
occurred in tumors of tissues such as the prostate, in which the normal tissue does not
express βII. This would suggest that transformation leads cells first to express βII and
then to localize it to the nuclei. Second, otherwise normal cells near the tumor would
also contain nuclear βII. This was particularly striking in cases of breast cancers that
had metastasized to the lymph nodes. Lymphocytes normally do not stain for βII.
However, lymphocytes adjacent to the metastatic cancer cells contained nuclear βII.
These results suggest that a cancer cell can influence adjacent normal cells to make βII
and put it in the nuclei (76). Analysis of a number of normal tissues indicated that most
of them did not contain nuclear βII (76). The exceptions were bone marrow, placenta,
and pancreatic acinar cells.

What conclusions can be drawn from the story of nuclear βII? It is clearly not a nor-
mally widespread phenomenon, being found mostly in cancers and cultured cells. The
presence of nuclear βII in cultured cells, tumors, placenta, and bone marrow may indi-
cate an association with proliferation, but this does not explain its presence in the pan-
creas. A recent finding may cast some light on nuclear βII. Kourmouli et al. (186),
working with human endometrial carcinoma cells, examined heterochromatin protein 1,
which binds to proteins associated with chromatin such as transcriptional regulators. It
also binds to the nuclear envelope. The binding of heterochromatin protein 1 to the
nuclear envelope is strongly inhibited by a soluble protein that was found to be a mix-
ture of the α2βII and α6βII dimers. The specific α isotypes involved in this are proba-
bly incidental, but it is striking that the only β isotype in these dimers is βII. The authors
report that the αβII dimer binds very tightly to the nuclear envelope, thus preventing
heterochromatin protein 1 from binding there. These findings raise the possibility that a
role of βII may be to control the interaction of chromatin with the nuclear membrane
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and perhaps also control the distribution of nuclear membrane fragments during mitosis.
Such a possibility may explain the higher concentration of βII observed in the perinu-
clear region (81). In addition, one could imagine that a relatively minor alteration in
certain cell types, especially cancer cells, would result in βII remaining in the nuclei
after mitosis is complete. Such alterations may involve a modification of βII or of
heterochromatin protein 1 or of the nuclear envelope itself. For example, if heterochro-
matin protein 1 is altered so as to decrease its affinity for the nuclear envelope, the αβII
dimer may stay bound to that membrane at the end of mitosis and may remain in the
nucleus during interphase. Of course, the connection of heterochromatin protein 1 and
βII may be only a coincidence. However, breaking up the nuclear envelope during
prophase and putting it together again during telophase are functions mediated by
microtubules (193–196), so a specific connection between the nucleus and one tubulin
isotype should not seem too outlandish. On the other hand, many cells appear to lack
βII; how do these cells regulate nuclear envelope breakdown and reassembly if βII is
important for this process? Are there subtle differences in the processing of the nuclear
envelope in these cells? This may be worth examining.

3.5. Not All Isotype Differences are Functionally Significant
The data presented above argue strongly that certain tubulin isotypes have specific

functions. This does not necessarily apply to all cases of isotypes, however. Many organ-
isms have isotypes that differ from each other at only a few positions, and only with con-
servative amino acid substitutions. It is hard to imagine that these small differences are
physiologically significant. The key evidence bearing on this point has to do with inter-
changeability of isotypes. For example, one of the two β isotypes of the fungus
Aspergillus appears largely during conidiation. However, replacing it with the other one
does not alter this process (197,198). Similarly, Aspergillus has one α isotype involved
in vegetative growth and another in sexual development. Using appropriate manipula-
tions, the expressions of the two α isotypes were reversed. No effect on the viability of
Aspergillus was observed, provided that particular levels of expression of each isotype
were chosen. In fact, it took three copies of the vegetative isotype to replace the sexual
isotype without altering the phenotype (199). This experiment has an important implica-
tion, namely that when performing genetic manipulation of isotype expression, one must
be careful to maintain the same level of total tubulin isotype expression. For example, it
may be that the vegetative α isotype of Aspergillus is expressed at a lower level than is
the sexual α isotype. In that case, replacing the latter with only one copy of the former
would mean that the total amount of tubulin expressed would be lower than normal and
that could have a deleterious effect. Alternatively, the extra β-tubulin, lacking its α part-
ner, may be toxic to the cell. These factors have to be considered when weighing the
results of this type of experiment.

Several early experiments using cultured cells suggested that the vertebrate isotypes
were interchangeable. For example, in cultured cells, most of the β isotypes are able to
form the mitotic spindle as well as the interphase microtubule network (118,200–202).
A similar result was obtained with the α isotypes (203). These experiments, however,
do not necessarily prove that the tubulin isotypes are interchangeable. As most cells, no
matter what isotypes they express, have both a mitotic spindle and an interphase
network, it is not surprising that each isotype could participate in forming these struc-
tures. However, cultured cells are less complex than cells in situ. The latter may have a
specialized need for a particular tubulin isotype that would not arise in a cultured cell.
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The above experiments, although very carefully performed, were not set up to address
the kinds of subtle and varied possibilities that have been being reviewed for the mam-
malian β isotypes such as the ability to form axonemes, protect cellular microtubules
from oxidation, interact with actin, or form marginal band microtubules.

3.6. Isotype Differences May be Generally Adaptive 
Without the Isotypes Having Specific Functions

It is possible that certain tubulin isotypes may not have specific functions but that the
presence of different isotypes may be adaptive in that they may increase the repertoire
of responses to environmental challenges. This is likely to be the case in some plant iso-
types. For example, expression of certain β isotypes in Arabidopsis decreases in the cold
whereas that of another β isotype increases (204). A similar result was obtained in wheat,
where lowering the ambient temperature to 4°C increased the expression of one α isotype
and decreased that of another (205). Under these conditions, the microtubules become
more dynamic. The authors propose that microtubules act as a kind of temperature-
sensor and that the cold-induced change in their behavior triggers specific cellular
responses to the cold (205). Such a model would not be possible without having differ-
ent isotypes and yet a specific function cannot be assigned to each isotype.

Multiple isotypes may also play a role in resistance to toxins. For example, there is
evidence that having multiple isotypes may make nematodes more resistant to benzim-
idazoles (206–210). Warm-blooded mammals are more protected from the environment
than are plants or nematodes. However, a great deal of evidence indicates that tumors
expressing certain isotypes are more resistant to drugs, or that drug treatment may lead
to increased expression of particular isotypes (reviewed in refs. 211,212). Do these
results—which will be discussed in more detail later on—speak to the hypothesis of
multiple isotypes being generically adaptive in mammals? Certainly, as will be seen,
the specific interpretations of these results are highly complex. It is hard to imagine
that we evolved for a half-billion years in order to develop mechanisms of resistance to
antitumor drugs. On the other hand, one must recall that many of these drugs are, or are
derived from, natural products. Thus, it is not inconceivable that the relative amounts of
tubulin isotypes may be adjusted in order to help cope with environmental toxins. The
fact that several of these toxins are intended to heal, is an unfortunate complication.

Another mechanism by which tubulin isotypes can be generally, rather than specifi-
cally, adaptive, is to have them differ in functionally relevant properties such as their
dynamic behavior. For example, the yeast Saccharomyces cerevisiae has two α-tubulin
isotypes (Tub1 and Tub3) (213). Microtubules made of Tub3 are less dynamic in vitro
than are the wild-type microtubules. Conversely, microtubules made from Tub1 are
more dynamic. The shrinkage rate and the catastrophe frequency for Tub1 are, respec-
tively, four- and threefold more than the corresponding parameters for Tub3, resulting
in Tub 1 microtubules having twice the dynamicity of Tub3 microtubules (214). Perhaps,
the cell can alter the relative proportions of the two isotypes in order to adapt its micro-
tubule dynamicity to different conditions.

3.7. Altered Expression of Tubulin Isotypes 
in Drug-Resistant Cells and Tumors

One of the most interesting observations was reported by the Horwitz laboratory,
which found that the levels of βI and βII rose 1.9-fold and 21-fold, respectively, in
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taxol-resistant murine cell lines (215). Subsequently, Ranganathan et al. (216,217)
observed that the levels of βIII and βIVa rose four to ninefold and three to fivefold,
respectively, in estramustine-resistant DU-145 human prostate cancer cells. Taxol-
resistant MCF-7 human breast cancer cells were found to express increased levels of
βIII, βIVa and the tyrosinated form of α-tubulin (218). Surveying the many studies done
in this area, one of the most frequent results is that tumors expressing increased levels
of βIII are more resistant to taxanes and estramustine (146,212,218–221). Almost as
frequently observed is that increases in βIV expression also accompany resistance to
taxanes and vincristine (222–224). In many fewer cases, taxane resistance involves
increased expression of βI (225) or βII (212,215,226). Increased βI expression also
correlates with resistance to vincristine and E7010 (222,227). Thus, there is ample evi-
dence to suggest that cells alter the synthesis of certain tubulin isotypes in order to sur-
vive drug exposure.

How can one make sense of these complex findings? One can speculate that tumor
cells elevate the synthesis of the isotype that has the weakest affinity for the drug in
question. For example, Derry et al. (228) showed that the dynamics of microtubules
made from the αβII dimer are significantly more sensitive to inhibition by taxol than are
the dynamics of microtubules made from αβIII or αβIV. This is certainly consistent
with the majority of the taxane studies, which showed resistance accompanied by
increases in βIII or βIVa. These results are also corroborated by the observation that
inhibition of the synthesis of βIII by the antisense phosphorothioate oligodeoxynu-
cleotide increases the sensitivity of A549 lung cancer cells to taxol (229). Similarly,
transfection of βIII into CHO cells caused a slight increase in taxol resistance (151). On
the other hand, overexpression of βIII in human prostate cancer cells failed to affect the
sensitivity to taxol (230). Furthermore, studies with human ovarian tumor xenografts
failed to detect any significant role of a specific tubulin isotype level on taxol sensitiv-
ity (231). These investigators used patient samples (before or after chemotherapy with
taxol) to establish a subset of 12 xenografts, and found no correlation between the tubu-
lin isotype expression and the taxol sensitivity. Similarly, overexpression of βIVb in
CHO cells did not create resistance to taxol (232). Resistance to Vinca alkaloids is
reported to be associated with decreased βIII expression (233). This is not consistent
with the finding of Khan and Ludueña (159) who showed that microtubule assembly of
αβIII in the presence of tau was more sensitive to vinblastine inhibition than was assem-
bly of either αβII or αβIV. In short, the hypothesis that tubulin isotypes that are elevated
in drug-resistant tumor cells are those isotypes that interact less well with that drug in
vitro is consistent with some studies but not others.

What other factors could account for these contradictions? First, there are certain exper-
imental aspects to be considered. If Reverse Transcriptase Polymerase Chain Reaction
(RT-PCR) indicates that the mRNA of one isotype increases much more than that of
another isotype in response to a drug that does not necessarily mean that the protein levels
of these isotypes increase in the same ratio. One isotype may be more sensitive to proteol-
ysis, for example. Similarly, isotype-specific antibodies may detect a many-fold increase in
one isotype and only a small percentage increase in another. However, if the latter is much
more abundant in the cell than the former, then the small percentage increase in the latter
may be much more significant physiologically than the large percentage increase in the for-
mer. In such cases, it is important to know the actual isotype levels rather than only the per-
centage increase or decrease. Also, it is possible that changes in post-translational

Chapter 6 / The Isotypes of Tubulin 149



modification in the antibody epitope (which is generally the C-terminus and the site of most
modifications) may highly alter the detectability of the isotype even if its actual level remains
the same. Second, other processes could be supervening that make the change in level of an
isotype irrelevant. For example, taxol resistance is sometimes accompanied by mutations of
isotypes such as βI (221). A cell with a taxol-resistant βI may actually increase its resistance
to taxol by making less of the other isotypes, including βIII. Third, resistance could reflect
the assembly properties of the isotypes rather than their drug-binding ability. For example,
microtubules containing βIII are less stable in vitro (100). As taxol can increase microtubule
assembly, one could argue that increased βIII would cause more resistance to taxol by mak-
ing less stable microtubules (233). Similarly, as vinblastine inhibits microtubule assembly,
one would expect that decreased βIII would increase the overall stability of cellular micro-
tubules and thus increase vinblastine resistance; this is exactly what has been observed (233).
Finally, it is possible that cells that more readily mutate to a drug resistant phenotype have
higher concentrations of ROS and, hence, that they may have an increased requirement for
βIII in order to protect their microtubules from the ROS. However, if, as it has been specu-
lated, βV has the same protective function as does βIII, then, as βV is rarely measured in
tumor cells, a scenario could be hypothesized where βV increases and βIII decreases, keep-
ing the total tubulin concentration the same, but only the βIII decrease is detected. In that
connection, it is interesting that a preliminary survey of 12 NIH cancer cell lines found that
βV was expressed in 11 of them, generally at higher levels than βIII (234).

The mechanism by which the expression of specific tubulin isotypes is altered in
drug-resistant cancer cells is still obscure. Overexpression of the oncogenic epidermal
growth factor receptor family of kinases has been reported to induce taxol resistance
and also increase the expression of βIVa and βIVb (235). Involvement of p53 has been
implicated in modulating the expression of tubulin isotypes and drug resistance in
human breast cancer cells (224). Extensive analysis with isogenic stable cell lines over-
expressing a specific tubulin isotype may shed light on these mechanisms.

3.8. Properties of Purified Mammalian Tubulin Isotypes In Vitro
If the differences among the tubulin isotypes are functionally significant, then it

could be expected that the purified isotypes would behave differently from each other
in vitro. To address this issue, monoclonal antibodies have been constructed specific for
the mammalian βI, βII, βIII, and βIV isotypes (59,64,150,236–239). These have been
used to purify the αβII, αβIII, and αβIV dimers from bovine brain by immunoaffinity
chromatography. A large number of parameters have been assayed in vitro. The dimers
differ from each other in virtually every parameter that has been assayed. Assembly into
microtubules is an obvious first parameter to examine. In the presence of either tau or
MAP2, αβII and αβIII assemble more rapidly and to a higher extent than does αβIV
(150). In the absence of MAPs, but in the presence of 4 M glycerol, αβII and αβIV
assemble rapidly with no lag time, whereas αβIII assembles only after a considerable
lag-time (149). This raises the possibility that αβIII has a harder time nucleating in vitro
in the absence of nucleating factors such as γ-tubulin. Microtubules formed from αβIII
are considerably more dynamic than those formed from either αβII or αβIV (100).
Possibly consistent with these findings is that the intrinsic GTPase activity of tubulin is
the highest for αβIII than for either αβII or αβIV (240). However, during microtubule
assembly in the absence of MAPs, αβIII hydrolyzes GTP more slowly than do the other
two dimers (9). One must be cautious about extrapolating these results to the situation
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in vivo. Buffer conditions used in vitro may not be physiological and different cell types
may have different MAPs that could create major differences in the relative assembly
and dynamic properties of the isotypes.

Structural differences among the isotypes are also evident. For example, the mam-
malian βIII isotype is phosphorylated, whereas the others are not (241). Using differen-
tial scanning calorimetry, Schwarz et al. (242) found that αβIII is considerably more
resistant to decay than is αβII. The half-times for decay at 37°C of colchicine-binding
activity for αβII and αβIII were, respectively, 17 h and 50 h (242). Conformation
was also probed using a series of sulfhydryl-reactive crosslinkers of the structure:
ICH2–CONH–(CH2)x–NHCO–CH2I, where x (the number of methylene groups) is
either 2, 3, 4, 5, 6, 7, or 10 (268). The reagent with x = 2 forms two intrachain crosslinks
in β-tubulin (243,244). One, designated β*, is between cys239 and cys354 and the other,
designated βs, connects cys12 to either cys201 or cys211 (102,245). When the series of
crosslinkers were reacted with the different isotypes, the β* crosslink formed, as
expected, in αβII and αβIV, but not in αβIII, which 1acks cys239. However, the βs

crosslink did not form at all in αβIII, even though βIII has the cysteines involved. Also,
in αβII, the βs crosslink formed at high yield with the x = 2 crosslinker, and with the
crosslinkers where x = 4, 5, 6, and 7, but very little with the x = 3 and x = 10 compounds.
In contrast, in αβIV, the βs crosslink formed well with each crosslinker (168). These
results suggest that at least one of the cysteines involved in the βs crosslink is probably
unavailable in αβIII and that it is available in αβII and αβIV, but even more so in the

Table 8
Tubulin Isotypes: Intrinsic GTPase Activity and Interactions With Antitumor Drugsa

Ligand αβII αβIII αβIV

Intrinsic GTPase
Induced by colchicine (nmole/h/mL) 4.5 9.6 3
Induced by MTPTb (nmole/h/mL) 5.8 11.5 7.3
Interactions with antitumor drugs
Kd for colchicine (M) 4.2 8.3 0.3
kon,app for colchicine binding (M/s) 132 ± 5 30 ± 2 236 ± 7
Kd for DAACc (M) 0.4 0.7 0.3
k2 for DAAC (s–1) 0.67 0.05 0.59
Kd for MTPT (M) 3 6.4 1.8
k2 for MTPT (s–1) 4.22 2.07 5.28
Kd for thiocolchicine THC18 (M) 0.5 17 NDd

Kd for nocodazole (M) 0.52 1.54 0.29
Kd for IKP104 (M) 0.01 0.11 1.4–1.8
Suppressivity of dynamics to taxole 3626 765 784
IC50 for vinblastinef (M) 0.6 2.1 0.6
IC50 for vinblastineg (M) 0.5 1.8 2

aSource: From refs. 159,228,240,260–262,411,412.
bMTPT, 5-(2′,3′,4′-trimethoxyphenyl)-1-methoxytropone.
cDAAC, desacetamidocolchicine. 
dND, not determined. 
eThis is a parameter that indicates the sensitivity of the shortening rate to taxol (228). 
fMicrotubule assembly was measured in the presence of tau and a series of vinblastine concentrations.
gMicrotubule assembly, as above, measured in presence of MAP2.



latter. These results are consistent with αβIII having a more rigid conformation than
either αβII or αβIV, but also suggest that the conformation of αβIV is the least rigid of
the three dimers.

Not surprisingly, the isotypes also differ in their ligand-binding properties (Table 8).
This has been studied in more detail with colchicine and its analogs. Colchicine binds
to tubulin in a slow, irreversible, and temperature-dependent manner (246–252). The
binding of drug to tubulin results in a promotion of drug fluorescence that has been used
to characterize this interaction (253,254). The binding of colchicine is a two-step
process in which initial complex formation is followed by a slow conformational
change resulting in the formation of a stable complex (255,256). When the association
kinetics are studied under pseudo-first-order conditions, the kinetics exhibit a biphasic
pattern (255–257). Biphasic kinetics are also observed for the faster-binding analogs of
colchicine such as desacetamidocolchicine (DAAC) and the bicyclic analog 5-(2′,3′,4′-
trimethoxyphenyl)-1-methoxytropone (MTPT), which binds to tubulin almost instanta-
neously (257,258).

The origin of the biphasic kinetics in the colchicines–tubulin interaction was not
clear until it was demonstrated that immunoaffinity depletion of the tubulin dimers to
remove the αβIII dimer eliminated the slow phase, resulting in monophasic kinetics
(259,260). Furthermore, addition of αβIII to the αβIII-depleted tubulin restored the
biphasic kinetics. Subsequent kinetic studies with the isotypically pure tubulin dimers
demonstrated that the isotypes differ significantly in their on-rate constants for binding
colchicine. The apparent on-rate constants (kon,app) for αβII, αβIII, and αβIV are shown
in Table 8. Scatchard analysis revealed that the isotypes also differ in their affinity con-
stants for colchicine and its B-ring analogs (261,262). Analysis of the binding kinetics of
colchicine and its analogs indicated that not only does αβIII have the lowest affinity for
colchicine, but that the rate (k2) of the conformational change in tubulin that is part of the
drug binding reaction is the slowest for αβIII (Table 8) (261,262). The slow rate of this
conformational change may reflect the higher rigidity of αβIII. If this is the case, then this
may explain its lessened ability to interact with nocodazole and taxol, although the bind-
ing kinetics of these drugs with tubulin isotypes have not been studied in any detail.

The interaction of Vinca alkaloids with purified tubulin isotypes is more complicated.
One study compared the effects of vinblastine on αβII, αβIII, and αβIV and measured
vinblastine’s ability to inhibit microtubule assembly and induce spiral aggregate forma-
tion (159). The results were clear: microtubule assembly of αβIII was least sensitive to
inhibition by vinblastine. Similarly, αβIII was the least susceptible to vinblastine-induced
aggregation. Interestingly, although vinblastine induced αβIV to form spiral aggregates,
αβIII generally formed amorphous aggregates instead (159). A second study carefully
and rigorously examined the effects of three Vinca alkaloids (vincristine, vinblastine, and
vinorelbine) on self-aggregation of αβII and αβIII. Few significant differences between
αβII and αβIII were noted (239). Although the two studies appear to give contradictory
results, this is not necessarily the case. No MAPs were present in the latter study, whereas
they are present in the former. The study of Lobert et al. (239) suggests that the isotypes
do not differ in terms of the specific tubulin–tubulin interactions or conformational
changes involved in self-aggregation. The study of Khan and Ludueña (159) suggests
that the isotypes differ either in their interactions with MAPs or else in the ability of vin-
blastine to interfere with the MAP-induced change in tubulin conformation that permits
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assembly. The work of Banerjee et al. (64) suggests that αβII and αβIII interact equally
well with both MAP2 and tau, so the former model is unlikely. As αβIII has the most
rigid conformation of the three dimers, it is not surprising that vinblastine’s ability to
interfere with the conformational change induced by the MAPs is the weakest in αβIII.
Similarly, as a conformational change induced by vinblastine is likely to favor aggrega-
tion that change is likely to be least marked in αβIII. This is consistent with the observa-
tion that αβIII does not aggregate into spirals; perhaps the conformation of αβIII does
not permit it to form spirals. A startling difference in vinblastine-induced aggregation
was seen when vinblastine (20 M) was added to preparations of erythrocyte tubulin and
brain tubulin from chickens (105). The former consists largely of αβVI, whereas the lat-
ter is likely to be a mixture of αβI, αβII, αβIII, and αβIV (64). About 42% of the brain
tubulin aggregated into spirals whereas 74% of the erythrocyte tubulin formed spirals.
Aggregation of the latter was so dramatic that the resulting flocculent precipitate was
readily visible to the naked eye (105). Clearly, αβVI has a unique ability to interact with
vinblastine. Conceivably, the ability of βVI to form microtubules in which the protofila-
ments bend so as to form a circular microtubule may translate into a higher ability for the
protofilaments to bend to form the vinblastine-induced spiral.

The most consistent finding, one obtained by a wide variety of experimental
approaches, is that αβIII has a more rigid conformation than either αβII or αβIV.
Could this have any bearing on the differences that have been discussed in vivo? First,
a more rigid αβIII would hydrolyze GTP more slowly during microtubule assembly,
as has been observed (9). This would increase the growth rate as that depends on the
presence of unhydrolyzed GTP at the microtubule end (263). Second, a more rigid
dimer is less likely to bind tightly to an adjacent dimer in the microtubule and thus the
longitudinal dimer-dimer interactions will be weaker. Hence, the rate of shrinkage
might be faster. In short, the increased dynamic behavior of αβIII microtubules may
be a function of the rigidity of αβIII.

The basic limitation of the experiments in which purified tubulin isotypes are studied in
vitro is that one only gets answers to the questions one asks. Assembly, GTPase, and drug-
binding activities are fairly obvious and easy areas to investigate. The fact is, however that
the number of proteins or other factors known to interact with tubulin is rising very quickly.
To name but a few, in addition to the well-known MAPs, there have been various chaper-
ones (264,265), collapsin-response mediator protein 2 (266), stable-tubulin-only polypep-
tide (267), the importin/Ran-GTP system (268), XMAP215 (269), Fhit (270), katanin
(271), aurora kinase (272), stathmin (273), clathrin-coated vesicles (274), aggregosomes
(275), and the proteins of the axoneme, centrosome, and basal body (276,277). In addition
to mitosis and the other classical microtubule functions, microtubules are thought to be
involved in processes such as determination of neuronal polarity and intramanchette trans-
port (278,279). Katanin, incidentally, has been shown to interact differently with two dif-
ferent β isotypes in C. elegans (271). Recent work suggests that Gsα binds to the β-subunit
of tubulin close to the GTP binding site (280). As it has been discussed earlier, both the
intrinsic and assembly-mediated GTPase activity of tubulin differ among the isotypes
(9,240), it is not unreasonable to expect that the binding and effects of Gsα may be isotype-
specific as well. Someday these systems will be constructed and tested in vitro with puri-
fied tubulin isotypes. Dramatic differences among the isotypes in such experiments would
strongly support the hypothesis that certain functions are mediated by different isotypes.
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3.9. Structure–Function Correlations in Tubulin Isotypes
The differences in amino acid sequence among the isotypes of a given organism are

generally clustered at the C-terminal ends. The fact that the sequences of the C-termini are
usually highly conserved in evolution, even to minor differences, indicates that the C-
termini are important. In addition, the C-termini contain the sites of most of the post-
translational modifications, including phosphorylation, tyrosinolation/detyrosinolation,
deglutamylation, polyglutamylation, and polyglycylation. The C-termini are highly nega-
tively charged. As negative charges repel, the C-termini are likely to be projecting outward
from the tubulin dimer and the microtubule. With such a model, it is very easy to imagine
that the C-terminus serves as a signal for other proteins that help to determine the func-
tion of that isotype. Since a β-tubulin with the sequence EGEFEEE near its C-terminus is
likely to form an axoneme (73). Fackenthal et al. (49) found that removal of the C-termi-
nus from the axonemal β2 isotype in Drosophila did not prevent that isotype from forming
the axonemal microtubules, but those axonemes were not functional. Clearly, the signal
sequence is necessary for successful function in the case of this isotype. The C-termini of
α- and β-tubulin are also the sites where a variety of proteins bind; these include MAP2,
tau, calponin, and the motor protein Ncd (281–283). Interestingly, Burns and Surridge
(284) noticed a correlation between the nature of the aromatic amino acid near the C-ter-
minus of β isotypes and the amino acid at position 217/218. If the former is a tyrosine then
the latter two are both threonines, whereas if the former is a phenylalanine, then the latter
are other residues. This suggests that the C-terminus may occasionally lie down along the
microtubule and interact with the residues at position 217/218. Thus, the “visibility” of the
signal sequence may vary depending on circumstances.

The C-terminal sequence is not the whole story, however. Tubulin isotypes differ from
each other at other places besides their C-termini. The lack of the assembly-
critical cys239 in mammalian βIII is a case in point. Hoyle et al. (285) prepared a chimera
of Drosophila β2 in which positions 1–344 were replaced by the corresponding sequence
of β3. The remainder of the β2 contained the C-terminal sequence. β2 is the axonemal and
meiotic isotype. If the C-terminal sequence were all that mattered then the chimeric tubu-
lin should function equally well. In reality, the chimeric protein did not form outer doublet
microtubules very well and was not able to carry out meiosis successfully. Thus, parts of
the protein other than the C-termini must play a role in determining isotype function.

Other evidence supports this hypothesis. For example, a difference has been observed
in the conformational rigidity among the αβII, αβIII, and αβIV dimers in the region in
which a crosslink can be artificially formed between cys12 and either cys201 or cys211
(168). Modeling studies indicate that this region is the binding pocket for the exchange-
able GTP and that GTP binding is influenced by conformational changes in this region
(286). The kinetics of hydrolysis of this GTP, which determine the dynamic properties
of the microtubule, will certainly be influenced by the conformational rigidity in this
area, which in turn depends on the nature of the isotype. Similarly, the lateral and lon-
gitudinal bond energies in the microtubule have been estimated and could easily vary
among the isotypes (287). Specific amino acid substitutions at positions involved in lat-
eral tubulin/tubulin interactions have been shown to promote cold stability (288,289).

The simplest hypothesis about the structure/function correlations in tubulin isotypes is
that the C-terminal sequence serves as a signal to other cellular proteins to determine at
which cellular location, or in which population of microtubules, the isotype will perform
its function. The rest of the protein is necessary for that function to be performed properly.
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4. THE EVOLUTION OF TUBULIN ISOTYPES

4.1. Evolution of the Vertebrate β-Isotypes
Enough β tubulins from vertebrates have been sequenced to enable one to construct

a rough family tree. As a first step, it can be asked, which β isotypes do not appear in
both mammals and birds. Thus, birds have only a single βI and a single βIV. Mammals
(mice, humans) have two βIV. Thus, the divergence of βIVa and βIVb must be dated
after 310 mya, the date at which the ancestral lines of mammals and birds diverged (61)
but before the divergence of the rodents and primates at 84 mya (290). Although βIVa
and βIVb differ in their tissue distributions—the former occurring in brain only and the
latter in all tissues—there is as yet no evidence of a functional difference between them.
Humans and rhesus monkeys have two βI but mice have only one (69). Thus, the βI iso-
type diverged into two species sometime after 84 mya. As with βIVa and βIVb, the func-
tional significance, if any, of the differences between βIa and βIb is as yet unknown.

As a second step, the vertebrate β isotypes should be grouped, based on their
sequences, as follows:

1. Group 1: βI and βIV;
2. Group 2: βII;
3. Group 3: βIII and βV;
4. Group 4: βVII;
5. Group 5: βVI.

Groups 1–3 have been identified in the amphibian Xenopus (Table 6). Thus, these
isotypes were probably present when vertebrates took their first step on land about 360 mya
(291). There is no distinction between βI and βIV in Xenopus. The separation of βI and
βIV probably occurred at the time of the appearance of reptiles over 310 mya (61). In con-
trast, βVII has been seen only in humans, so it may have appeared very recently. The
mammalian and avian βVI are so different from each other that it is possible that each one
may have appeared, separately, after 310 mya. βV occurs in birds, mammals, and amphi-
bians, but not in fish. Thus, it probably diverged from βIII at least as early as 360 mya.

Studies of β isotypes in fish are illuminating. There are various β isotypes present in
fish that do not have precise equivalents among other vertebrates. In addition to these,
however, Groups 1, 2, and 3 can be recognized. Thus, these groups probably diverged
from each other at or sometime after the appearance of the chordates about 590 mya
(292). A very intriguing experiment by Modig et al. (293) may cast light on the early
evolution of vertebrate isotypes. The Atlantic cod, Gadus morhua has cold-stable
microtubules. Transfection of fish βIV into human cells caused the microtubules of
these cells to become cold-stable. The same result was observed upon transfection of
βII. However, transfection of fish βIII did not confer cold stability. It is logical to
assume that if βII and βIV are major structural components of fish microtubules, then
they must be able to provide cold stability. In contrast, fish βIII is incapable of perform-
ing this function. As Gadus lives its entire life cycle at cold temperatures, it is
unlikely that it could have microtubules made entirely of βIII, as such microtubules
would be cold-labile. It is conceivable, of course, that certain MAPs could make βIII-
microtubules cold-stable. This is unlikely, however, as microtubule cold-stability in
Antarctic fish has been shown to reside in tubulin and not in MAPs (294).

Thus βIII cannot be the major component of any microtubule population in fish and the
invitation is given to speculate upon its function. In mammals, the earlier hypothesizing
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suggested that βIII had two major functions: (1) to form highly dynamic microtubules
that may be particularly important in development, especially in the nervous system;
and (2) to make microtubules resistant to ROS. Both of these functions could reason-
ably occur in fish. Vertebrate evolution has been suggested to be an example of neoteny,
in which a larva attains sexual maturity without metamorphosing into an adult (295).
The ancestors of the vertebrates may have had clearly differentiated larval and adult
stages, the former motile, and the latter sessile. At one point in evolution, the larva
acquired sexual maturity and the adult stage disappeared. Thus, vertebrates were able to
grow in size and retain motility. Tunicates, which are nonvertebrate chordates with very
simple nervous systems (296), have neither βII nor βIII. It is possible that βIII appeared
at the time when the vertebrates diverged from the other chordates and that its high
dynamicity made it useful in the rapid growth of the complex nervous system of verte-
brates (297). In this connection, it is worth recalling that βIII is common and wide-
spread in embryos, in which growth and development take place very rapidly (136,158).
βIII is unlikely ever to have been the sole component of a microtubule, but it could confer
dynamicity to microtubules in which it occurred. Microtubules made of mixtures of
αβIII and αβII dimers are significantly more dynamic than those made of αβII alone,
provided that αβIII predominates (100). It is perhaps not a coincidence that chordates
appeared soon after the concentration of O2 in the Earth’s atmosphere reached 10% of
present levels, the level required to form collagen and hence cartilage and bone (298).
The higher O2 level would have led to increased production of ROS. As vertebrates
developed an advanced nervous system, βIII may have acquired the additional function
of protecting the long-lived neuronal microtubules from ROS. If these arguments were
correct, one would predict that cephalopod mollusks that are as ancient as the verte-
brates and that are long-lived and have a complex nervous system (299), would also
have a tubulin isotype capable of protecting the neuronal microtubules from ROS.

The development of the nervous system would also have entailed the appearance of
βII, which presumably has a major, but as yet unknown, function in the nervous system.
If microtubules play a role in reorganizing the nuclear envelope, and if this is an ancient
function, βII may have retained this function, and the other isotypes may have lost it.

About 360 mya, the vertebrates emerged onto the land (300), thereby exposing them-
selves directly to the higher levels of O2 present in the atmosphere as well as to the
strong solar ultraviolet radiation that is capable of creating free radicals. There may
have been a premium on protection of microtubules from ROS, not only in the brain,
but in other tissues as well. If βV shares this function with βIII, as has been hypothe-
sized, it is possible that βV appeared about this time to protect the microtubules of other
tissues from ROS, whereas βIII performed that same function in neurons.

Full sequencing and analysis of reptile, amphibian, and fish genomes as well as those
of the nonvertebrate chordates may flesh out, corroborate, or disprove some of these
speculations. Further experiments on the evolution of nitric oxide synthase as well as
careful studies of the tissue distribution of nitric oxide synthase and tubulin isotypes in
fish would be very useful as well.

4.2. Evolution of the Vertebrate α-Isotypes
The evolution of the α isotypes in vertebrates is not as well understood as that of the

β isotypes. It is clear that the class V α (called α8) are present in mammals and birds,
but not, so far as it can be told, in amphibians or fish (185). Therefore, α8 probably
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appeared between 360 mya and 310 mya. The same argument could be made for class
III. However, it appears that classes I, II, and IV were present in fish probably after the
chordates appeared around 590 mya (292). Xenopus ovarian α and mouse testis αTT1
are too unique to draw conclusions regarding their evolution.

4.3. Evolution of Tubulin Isotypes in the Other Eukaryotes
The knowledge of tubulin isotype evolution in other eukaryotes is quite limited.

There are only a few phyla where multiple tubulin isotypes have been sequenced in
more than one organism. Nevertheless, there are a few generalizations that are probably
safe to make. With one possible exception, which will be discussed shortly, it is clear
that, although all α-tubulins resemble each other and the β-tubulins do likewise, there
is no specific resemblance between one particular isotype in one phylum and another
particular isotype in another phylum. In other words, there is no close structural resem-
blance between, say, βIII in vertebrates and any β isotype in any other phylum. In brief,
families of isotypes are phylum-specific. This has been seen to be true for the α- and β-
tubulins in vertebrates. There are discernible families of α and β isotypes in arthropods,
nematodes, and angiosperms (8).

The possible exception to this pattern is βIV, the isotype with the signal sequence
EGEFEEE, which is required for a β-tubulin to form part of an axoneme (73). This
sequence, or one very similar, occurs in at least one isotype in virtually every eukaryotic
organism except fungi (which lack axonemes, basal bodies, and centrioles). In a sense,
therefore, a tubulin containing this sequence has to be thought of as ancestral to all 
β-tubulins. It is highly unlikely that the signal sequence would spontaneously arise 
de novo three separate times, during the evolution of animals, plants, and protists.
Therefore, a β-tubulin containing this sequence must have been present in the ancestral
eukaryote. Fungi, presumably, would have lost this β-tubulin when they lost the complex
microtubule apparatuses in which this tubulin is required. That said, however, beyond the
signal sequence there is no overall specific quantifiably demonstrable similarity between,
say, vertebrate βIV and the corresponding β2 isotype in Drosophila. Thus, if assigning
to βIV the additional function of being involved in actin–microtubule crosstalk is correct,
this function may have arisen secondarily in βIV. If a β-isotype in Drosophila also has
this function, then that isotype need not be β2.

Various fish (Notothenia and Danio) have at least one α or β isotype that have no spe-
cific equivalent in amphibians, birds, or mammals. The specific functions of these iso-
types are unknown. Conceivably, these may represent the survivors of a large pool of
tubulin isotypes that arose when the vertebrates appeared. Speculating further, an intrigu-
ing correlation could be postulated. Most of today’s animal phyla—at least those where
fossil evidence is available—arose during the so-called Cambrian explosion, about
530 mya, when the ancestors of today’s phyla shared their world with animals with
unusual body plans who left no descendants (301). Whatever geological, climatic, or eco-
logical factors promoted the appearance of multiple body plans could also have impelled
the diversification of tubulin isotypes. If the multiple isotypes had different functions,
then in view of tubulin’s important role in development, it is not difficult to imagine that
different combinations of isotypes correlated with the appearance of specific phyla. If it
is assumed that the earliest eukaryote had a single α and a single β isotype, then this
tubulin would perhaps have been involved in different functions: not only mitosis and
axonemal motility but perhaps nuclear envelope organization and actin–microtubule
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crosstalk as well. The appearance of multiple isotypes meant that these functions could
have been distributed among different isotypes. Subsequent evolution of each phylum
would involve essentially random selection from this pool of isotypes of particular ones
performing whatever functions were adaptive for organisms in that phylum. For exam-
ple, an early animal having several isotypes with the appropriate signal sequence for
axonemal motility, could be imagined. In vertebrates, the ancestral βIV could have been
randomly selected for subsequent evolution and the others lost; in arthropods the ances-
tral β2 would have been similarly selected. In such fashion, phyla would arise with
unique families of isotypes, and there would be no specific similarity—other than the sig-
nal sequence—among the axonemal isotypes of the various phyla.

Two fish β isotypes may fit this hypothesis. Gadus has a β isotype (classified as βIII)
that has the same cysteines as does βIII (i.e., it lacks cys239 and has cys124). Nevertheless,
the C-terminus of the isotype lacks the basic residues seen in mammalian βIII.
Conceivably, this isotype could have the putative antioxidizing property of mammalian
βIII but lack the dynamic properties of βIII. In contrast, Notothenia has a β isotype
(unclassified) that has the C-terminus with basic residues similar to those of βIII or βVI,
but does not have the same cysteines as βIII. Perhaps, this isotype exhibits the dynamic
behavior of βIII but lacks any antioxidant activity.

In pursuing the evolution of the isotypes of α- and β-tubulin a trail has been followed
that fades out sometime before the beginning of the Paleozoic. Further insights may be
provided when the story of α and β is compared with that of the other members of the
tubulin superfamily, as will be discussed in Chapter 7.
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APPENDIX

Nomenclature of Avian and Mammalian β-Tubulin Isotypes

Class Human Mouse Rat Chicken

Ia HM40 Mβ5 rbt. 5 cβ7
II Hβ9 Mβ2 rbt.1 cβ1/cβ2
III Hβ4 Mβ6 rbt. 3 cβ4
IVa H5β Mβ4 rbt. 2 –
IVb Hβ2 Mβ3 – cβ3
V – – – cβ5
VI Hβ1 Mβ1 – cβ6
VII Hβ4Q – – –

Adapted from ref. 410.
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SUMMARY

In addition to the well-known α- and β-tubulin, which constitute the tubulin dimer,
there are other related forms of tubulin, including γ, δ, ε, η and others. γ- Tubulin plays
a key role in the nucleation of microtubule assembly at the centrosome. The roles of
the other members of the tubulin superfamily are still being explored. It is interesting
that all of them are found either in the centrosome or the very similar basal body; there
is evidence that some of these play significant roles in the assembly of these
organelles. The proteins of the tubulin superfamily are also related to the prokaryotic
protein FtsZ, which plays a key role in cell division. Comparison of the sequences of
all of these proteins allows for speculation about their evolution. These proteins and
their evolution will be discussed in this chapter. 

Key Words: Tubulin; α-tubulin; β-tubulin; γ-tubulin; δ-tubulin; ε-tubulin; η-tubulin;
evolution; centriole; centrosome; basal body. 

1. INTRODUCTION

The tubulin superfamily includes α and β that have already been extensively discussed
in Chapter 6, as well as the more distantly related γ, δ, ε, ζ, η, θ, ι, and κ (Table 1). Others
may be awaiting discovery. Together with α and β, these tubulins constitute the tubulin
superfamily. Several of these tubulins are widespread among eukaryotes and the
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Table 1
The Tubulin Superfamily (γ-κ)

Tubulin Genus Phylum/Division References

γa Homo Chordate 79
Mus Chordate 80
Gallus Chordate 25
Xenopus Chordate 81
Strongylocentrotus Echinodermata 82
Drosophila Arthropoda 31
Caenorhabditis Nematoda 28
Oryza Angiosperm 83
Arabidopsis Angiosperm 12
Anemia Angiosperm 10
Physcomitrella Bryophyta 84
Aspergillus Ascomycota 9
Neurospora Ascomycota 85
Saccharomyces Ascomycota 86
Schizosaccharomyces Ascomycota 81
Ustilago Basidiomycota 87
Encephalitozoon Microsporidia 88
Plasmodium Apicomplexa 89
Physarum Mycetozoa 29
Chlamydomonas Chlorophyta 21
Tetrahymena Ciliophora 24
Euplotes Ciliophora 90
Dictyostelium Acrasiomycota 91
Reticulomyxa Rhizopoda 92
Leishmania Euglenozoa 36

δ Homo Chordate 42
Canis Chordate 93
Mus Chordate 41
Xenopus Chordate 94
Ciona Urochordata 95
Chlamydomonas Chlorophyta 39
Plasmodium Apicomplexa 2
Trypanosoma Euglenozoa 50

ε Mus Chordate 96
Xenopus Chordate 97
Chlamydomonas Chlorophyta 46
Paramecium Ciliophora 44
Giardia Diplomonadida 98
Trypanosoma Euglenozoa 50

ζ Trypanosoma Euglenozoa 99
Leishmania Euglenozoa 100
Xenopus Chordata 4

η Paramecium Ciliophora 48,101
Xenopus Chordata 4

θ Paramecium Ciliophora 102
ι Paramecium Ciliophora 103
κ Paramecium Ciliophora 51

aFor γ-tubulin only some representative organisms are given, to illustrate that γ occurs in many phyla.



functions of some are starting to become clear. In addition, proteins similar to α and β
have been found in bacteria, which also express a protein, FtsZ, which is more distantly
related to tubulin. The recently discovered members of the tubulin superfamily, as well
as their possible prokaryotic relatives, and speculation on the origin and evolution of
these different forms of tubulin will be briefly reviewed. These proteins have been
reviewed in more detail by others (1–8).

2. γ-TUBULIN

γ-Tubulin was first described in Aspergillus (9). It is 28–35% identical to α and β
in amino acid sequence. γ-Tubulin appears to occur in all eukaryotes (Table 1)
(1,2,10–14). In animals and protists, it is found in the centrosome, in the immediate vicin-
ity of the centriole; in fungi, and plants that lack centrosomes; γ occurs, respectively, in
the spindle pole body and the microtubule-organizing center (15–17). The fundamental
function of γ is to nucleate microtubule assembly in vivo. The precise mechanism is
controversial. Nucleation involves a complex of γ with at least two proteins in yeast and
up to six in higher eukaryotes, the latter called a γ-tubulin ring complex (γ-TuRC)
(16,18). In one model, the γTuRC has γ-tubulins associating laterally to bind longitudi-
nally to α- and β-tubulins at the microtubule minus end. In another model, the γ-TuRC
constitutes part of a microtubule protofilament at the minus end. Either way, the γ-TuRC
acts to cap the minus end and prevent further addition of tubulin subunits there (3). As
one would expect, γ-tubulin also nucleates microtubule assembly in vitro, binding to the
minus end of the microtubule with a Kd of 0.1 nM (19).

In addition to being involved in the nucleation of microtubules of the mitotic 
spindle and interphase network, γ-tubulin appears to be present and involved in any
system in which microtubule nucleation occurs. For example, it is a constituent of the
basal body, which nucleates the axonemal microtubules (20). γ may play a specific
role in the nucleation of the central pair microtubules. In Chlamydomonas, its 
location in the flagellar transition region is consistent with this hypothesis (21). In
trypanosomes, inhibition of γ-tubulin synthesis results in paralyzed flagella that lack
the central pair microtubules (22). A particular role for γ in synthesis of the central
pair makes sense as these, unlike the outer doublet microtubules, are not rooted in
the basal body microtubules, in addition, the central pair appear to have a precise
point of origin (23).

In Tetrahymena, γ is located in the microtubule-organizing centers of the basal bodies,
as well as those of the macronuclear and micronuclear envelopes and the pores of the
contractile vacuole (24). In addition, γ occurs in chicken erythrocyte marginal bands,
which do not appear to grow out of centrosomes (25). γ-Tubulin may serve other func-
tions as well. It is present in the cytoplasm of various cells in a form not associated with
microtubules; Zhou et al. (26) have shown that overexpression of γ increases the syn-
thesis of α and β, raising the possibility that γ could regulate the synthesis of these other
tubulins. Also, γ binds to dynamin, which is required for centrosome cohesion; thus 
γ could play a role in organizing the centrosome (27). In the nematode Caenorhabditis,
γ-tubulin occurs close to the membrane at the apical end of intestinal cells (28).

Just as is the case with α- and β-tubulin, γ also exists in isotypes, but so far no organ-
ism has been found to have more than two γ-isotypes. Isotypes of γ have been seen in
animals, plants, and protists (see Tables 1–3 in Chapter 1). In some cases, it is difficult
to be sure about the presence of two isotypes. In Physarum, for example, there is only
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a single γ-tubulin gene; the two γ-isotypes, therefore, probably arise by alternative splic-
ing (29). The sunflower Helianthus has two γ-tubulins, with molecular weights of 52 kD
and 58 kD, however, it is not clear if different genes encode these or if they are the result
of post-translational modification (30).

The functional significance of the individual γ-isotypes is as yet unknown. Generally,
there is little difference in their distributions in vivo. However, in Helianthus, the 58 kD
γ-tubulin is expressed in every tissue, whereas the 52 kD γ is found in undifferentiated
cells; the former is associated with the nucleus and the latter is not (30). Drosophila has
one γ-isotype that is found in ovaries and embryos; removal of this isotype resulted in
abnormal meiosis (31). However, they could not rule out the possibility that the abnor-
mal cells simply suffered from having too little γ. Although one study suggested that the
two γ-isotypes in Drosophila have similar functions (32), another study suggests the
opposite (33). One γ-isotype is always present in the centrosome and not in the mitotic
spindle; the other is in soluble form and only occurs in the centrosome during mitosis.
In humans, there are two γ-isotypes, whose sequences are 97.3% identical, but there is
no evidence of a functional difference (34). If the two γ-isotypes play specific functional
roles, it may be that one is important in microtubule nucleation, whereas the other has
another function, possibly regulating tubulin synthesis.

There is evidence suggesting that γ-tubulin is subject to post-translational modifica-
tion. In yeast, phosphorylation of γ appears to regulate microtubule organization (35).
γ-Tubulins from both pigs and Leishmania exhibit multiple charge variants (36,37). As
there are only two genes for γ, one is tempted to conclude that these variants arise from
post-translational modifications. Of the various modifications seen in α- and β-tubulin,
there are only two that are likely to yield more than two charge variants: phosphoryla-
tion and polyglutamylation. In the former case, multiple sites will have to be adduced,
which can be differentially phosphorylated. Polyglutamylation is a more promising can-
didate, as this modification is known to result in multiple charge variants in α and β
(38). However, γ-tubulin lacks the glutamates in the C-terminal region that are polyglu-
tamylated (20). On the other hand, there are some nearby glutamates that could conceiv-
ably be modified. At the moment, the question of post-translational modifications of
γ-tubulin must remain open.

3. δ-TUBULIN

δ-Tubulin was first discovered in Chlamydomonas; when it is mutated there are fewer
flagella and the basal bodies often consist of nine doublet microtubules instead of nine
triplets (39). δ-Tubulin has since been found in a variety of chordates and protists
(Table 1). It is located in the basal bodies and centrosomes (4). In the latter organelles,
δ is particularly concentrated in the region between centrioles in the same centrosomes
and between centrioles in adjacent centrosomes (40). It often colocalizes with γ-tubulin
in the centrosome (41). However, in interphase mammalian cells, δ is often present largely
in the cytoplasm, only concentrating at the centrosome during mitosis (41). δ-Tubulin is
also present in the manchette and flagellum of the sperm cell (41). In addition, in the
mouse testis δ is present in the intercellular bridge that forms following incomplete
cytokinesis in spermatid development (42).

The function of δ-tubulin is not clear. Deletion causes appearance of basal bodies
with nine doublet microtubules in Chlamydomonas (43). Its location in centrosomes
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suggests that it may play a structural role in organizing this organelle. It is also likely
to be involved in basal body function. The fact that in some cells, it only becomes
concentrated in centrosomes during mitosis, suggests that δ may have a particular
mitotic function, perhaps in centrosome separation. Interestingly, δ in mice exists as
two isoforms, differing in that one lacks a 31-amino acid segment that is present in
the other segment (41). This segment is encoded in a single exon, making it very prob-
able that the two isoforms arise by alternative splicing. Interestingly, the large δ is
expressed mostly in the testis and is present in other tissues at low concentrations. 
The small form is expressed in most cells. The fact that humans have only a single 
δ-isoform suggests that the two δ-isoforms in mice may have no functional signifi-
cance. It is not known whether δ is subject to post-translational modification, how-
ever, its C-terminal region contains either one or no glutamates, so δ is not a good
candidate for either polyglycylation or polyglutamylation.

4. ε-TUBULIN

ε-Tubulin was discovered by searching the human genome (40). ε also occurs in var-
ious protists (Table 1). ε is located in both basal bodies and centrosomes. In Paramecium
basal bodes, ε is concentrated at the two ends (44). Centrioles occur in pairs, but they are
not identical. The oldest of each pair has a subdistal appendage that projects out from the
centriole (45). These appendages are lacking in the basal body as well as in the younger
centriole. ε-Tubulin is associated with the older centriole. It is also located in the basal
body (40). Purified ε-tubulin gives six spots on two-dimensional gel electrophoresis, sug-
gesting the presence of post-translationally modified forms (Dupuis-Williams, personal
communication). Polyglutamylation is an obvious candidate for creating such an elec-
trophoretic pattern. Interestingly, however, there are no glutamates in the vicinity of the
C-terminus of ε, making polyglutamylation somewhat unlikely.

Deletion of ε in Paramecium results in loss of the B- and C-tubules of the basal body
triplets (44). Similar results are obtained in Chlamydomonas, where deletion of ε also
results in defective meiosis (46). Depletion of ε in Xenopus inhibits centriole replication
and disorganizes the mitotic spindle (47). It appears likely that ε is required for formation
of basal bodies and centrioles. It could conceivably form part of the B- and C-tubules but
other models are also possible.

5. η-TUBULIN

η-Tubulin has been observed in only four organisms: the protists Chlamydomonas
and Paramecium and the animals Ciona and Xenopus. There is no evidence for η in
humans or mice. η is located in the basal bodies (4). Studies in Paramecium have sug-
gested that η is required for basal body duplication and may also interact with γ-tubulin
(48). It appears to interact with β-tubulin and may act as a minus-end capping protein
(49). η has only a single glutamate near its C-terminus; if either polyglycylation or
polyglutamylation occur to η, this would be the likely site.

6. ζ-, θ-, ι-, AND κ-TUBULINS

The tubulin superfamily keeps growing. New tubulins are constantly being discov-
ered whose function is as yet unknown. ζ-tubulin has been found in basal bodies of the
related protists Trypanosoma and Leishmania as well as in the Xenopus genome; it
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appears to be absent from the genomes of yeast and Arabidopsis (2,5,50). As plants and
fungi lack basal bodies, it is reasonable to speculate that ζ may play a role in these
organelles but what that role may be is unclear. ζ has two to three glutamates in its 
C-terminal region, raising the possibility of polyglutamylation or polyglycylation, but
these have not yet been observed in ζ.

θ-, ι-, and κ-tubulins have been identified in the genome of Paramecium (51). θ occurs
in the basal body (Dupuis-Williams, personal communication). Other than that, the sub-
cellular localization of ι and κ and the functional roles, if any, of θ, ι, and κ are unknown.
θ is 56% identical in sequence to Paramecium β, ι is 29% identical to yeast β, and κ is
56% identical to Paramecium α, θ, and κ have three glutamates in their C-terminal
regions, whereas ι has one, making them reasonable candidates for polyglutamylation or
polyglycylation. It is certainly possible that more tubulins remain to be discovered as more
genomes are sequenced. Fortunately, the Greek alphabet has quite a few more letters.

7. THE EVOLUTION OF THE TUBULIN SUPERFAMILY

It is not difficult to construct a family tree of the other tubulins, based on their amino
acid sequences (4) (Fig. 1). The first major division in tubulin evolution was between
the ζ/η/δ branch and the α/β/γ/ε/ι/κ/θ branch. As α and β are components of centriole
and basal body microtubules, then there will be a division between a tubulin that con-
stitutes the centriole and basal body microtubules and a tubulin (δ) that helps to organ-
ize these organelles. The next event would have been the division of the α/β/γ/ε/ι/κ/θ
branch into ε and the α/β/γ/ι/κ/θ branch. Afterwards, γ diverged from the α/β/ι/κ/θ
branch, thereby creating a tubulin that served to nucleate microtubules. Perhaps this cor-
responds to the creation of an interphase microtubule network, a mitotic spindle, and an
axoneme with central pair microtubules. As far as known, γ is the only tubulin involved
in nucleation of microtubules in vivo. Presumably the tubulin in the α/β/ι/κ/θ branch
was a structural component of microtubules. The next event was the division of the
α/β/ι/κ/θ branch into α/κ, β/θ, and ι-tubulins. κ and θ are so similar to α and β in
Paramecium that it is conceivable that they diverged sometime in ciliate evolution,
much later than the other tubulins. In fact, one might almost consider κ and θ to be 
isotypes of α and β, respectively. Although the functions of θ and ι-tubulin are
unknown, the roles of α and β, the structural components of microtubules, are well
known. At this time microtubules must have acquired their present morphology. The
major role of β-tubulin in binding the exchangeable GTP raises the possibility that 
complex microtubule dynamic behavior may have appeared about this time. Also, about
this time, the ζ/η/δ branch divided into ζ, η, and δ, probably giving the basal bodies and
centrioles their final form.

It is interesting that all of the different tubulins (α, β, γ, δ, ε, η, θ, and ζ) whose sub-
cellular locations are known occur in or are associated with basal bodies and/or the very
similar centrioles. Several of them (α, β, γ, δ, ε, and η) appear to be necessary for the
proper functioning of these organelles. Is it possible that these tubulins originated and
diverged from each other, performing some noncentrosomal/basal body functions,
while the original centrosome/basal body was evolving separately? Then it has to be
postulated that these tubulins subsequently wandered into these organelles, all losing
their original functions and acquiring their present roles. This is an unlikely scenario.
Therefore, it can be concluded that these forms of tubulin must have evolved with the
centrosome/basal body.
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8. TUBULIN-LIKE PROTEINS IN PROKARYOTES

The authors analysis of the different forms of tubulin has brought us close to the ori-
gin of the eukaryotic cell. Can we go any further? Perhaps we can. Bacteria appear to
contain a dynamic cytoskeleton (6), a major component of which is the protein FtsZ,
present in most of the eubacteria and archaea, whose primary structure shows some
resemblance to that of tubulin (52,53). Its three-dimensional structure is very similar to
tubulin (54,55). FtsZ is required for cell division in the eubacteria Escherichia coli and
Bacillus subtilis (7). In addition, FtsZ has GTPase activity, which is associated with
polymerization, although the polymer is a ring rather than a microtubule (8,56,57).
These rings constrict during bacterial cell division and, in essence, pinch the cell in two
(8,57). FtsZ is present in, and participates in the replication of, chloroplasts and many
mitochondria, indicating that it is very ancient indeed. FtsZ may have appeared before
the origin of eukaryotes. It is intriguing that both tubulin and FtsZ are critically involved
in cell division, although they operate by very different mechanisms. The sequence rela-
tionships between FtsZ and tubulin suggest that the two proteins may have had a com-
mon ancestor. Tubulin is involved in both cell motility and cell division, but as FtsZ
appears to be involved only in cell division, it is perhaps more probable that the com-
mon ancestor of tubulin and FtsZ also played a role in cell division.
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Fig. 1. Hypothesis for the evolution of the tubulin superfamily. The scheme is based on that of
Dutcher (4). A common ancestral protein, perhaps involved in replication, gave rise to FtsZ and the
tubulin superfamily. The line from the first tubulin diverged into two, one constituting a structure, per-
haps the ancestral centrosome/basal body, and the other helping to organize the structure. From the
latter are derived η, δ, and ζ, whose roles may still be organizational. The structural tubulin gave rise
to two branches: ε, and the common ancestor of α, β, and γ. At this point, it is likely that actual micro-
tubules appeared for the first time and the α/β/γ line diverged into α/β and γ. The latter’s major func-
tion appears to be to nucleate microtubules, which means that it was now possible to form an
interphase microtubule network, a mitotic spindle and the central pair microtubules of the axoneme.
The α/β ancestor then diverged into the α and β lines. Probably soon after this the Prosthecobacter
α- and β-tubulin-like proteins (58) diverged, respectively, from α- and β-tubulin. Eventually, ι and θ
diverged from β and κ branched off from α, but as ι, θ, and κ are thus far found only in Paramecium,
it is not possible to determine whether these divergences were ancient or recent.



Recently, proteins similar to α- and β-tubulins have been found in the eubacterium
Prosthecobacter (58). The bacterial α and β have 31–35% and 34–37% sequence iden-
tity with eukaryotic α and β, respectively. The bacterial α and β are actually more sim-
ilar to their eukaryotic homologs than they are to eukaryotic γ-, δ-, or ε-tubulins, hence,
these latter probably branched off from the tubulin family tree before the appearance of
the Prosthecobacter α and β. The Prosthecobacter β can self-assemble into protofila-
ments or rings provided that either GTP or GDP is present (59). Also, α and β appear
to form heterodimers. Either α or β by itself can hydrolyze GTP, but the two together
hydrolyze GTP even faster (59).

There are two possibilities to account for the Prosthecobacter proteins. One is that
almost the entire evolution of the tubulins occurred among the prokaryotes, which
would imply that the centrosome arose in prokaryotes. Development of eukaryotes
would only have occurred after the appearance of α and β. Second, the bacterial α and
β could be survivors of a very ancient gene transfer event from an early eukaryote into
a prokaryote. Perhaps these bacterial tubulin analogs speak to a period in evolution
when the primitive ancestors of α- and β-tubulin formed a structure other than a micro-
tubule. Howerer, it should be noted that there is as yet no evidence that Prosthecobacter
α and β are part of a cytoskeleton.

9. THE ORIGIN OF TUBULIN?

The authors now return to the basal body and centriole, two of the most architec-
turally complex organelles, consisting of nine triplet microtubules arranged in cylindrical
array. The basal body consists of, or is associated with, most of the major classes of
tubulin (α, β, γ, δ, ε, η, θ, and ζ) as well as several other structural and catalytic 
proteins, and exhibits at least three post-translational modifications characteristic of
tubulin, namely acetylation, polyglutamylation, and polyglycylation, the last two gen-
erally acknowledged to be bizarre. The centriole, which otherwise closely resembles the
basal body, may lack polyglycylation and is associated with fewer tubulin classes (α, β,
γ, δ, and ε). In addition, a few centrioles, associated with development in Drosophila
have been observed to consist of nine singlets or doublets instead of triplets. These are
considered “immature” centrioles (60,61). In general, however, this constellation of
characteristics shown by the basal body/centriole appears to be irreducibly complex.
With minor exceptions (such as the parasitic protist Lecudina tuzetae, whose gamete
flagellar axoneme has six outer doublet with no central pair microtubules [62]), there
are no simple basal body/centrioles, or any lacking the post-translational modifications,
or made of any number of triplet microtubules other than nine. For all that Nature tells
us, the basal body/centriole could have appeared suddenly like Athena, leaping fully
formed out of the head of a prokaryotic Zeus. And yet, this cannot possibly be. There
must once have been simpler organelles engaged perhaps in either motility or genome
replication rather than both. These intermediates would eventually have disappeared,
being replaced by the basal body and centriole known today. This would have happened
at the time of the origin of eukaryotes, or even earlier. The existence of FtsZ and the
Prosthecobacter α- and β-tubulin homologs indicates that much of the evolution of
tubulin and perhaps of the centriole/basal body could have occurred in the prokaryotic
stage of evolution.

At which stage of evolution did the common ancestor of FtsZ and tubulin live and the
ancestral basal body/centriole arise? The post-translational modifications may provide
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a clue. Polyglutamylation has been seen, not only among the tubulins, but also in some
nucleosome assembly proteins (63) called NAP1 and NAP2, which have, respectively,
9 and 10 glutamates added, distributed between two glutamates in their C-terminal
regions. The polyglutamylation sites on these two proteins resemble those on tubulin.
For NAP1 and NAP2 these are, respectively, (with the modified glutamates in boldface)
YDEEGEEAD AND FEEGEEGEE. Polyglutamylation is an unusual modification not
only because it may be rare outside of the tubulins, but also because its functional sig-
nificance does not depend on the precise structure of the side chain. In other words,
although the polyglutamylated residue is always a single glutamate in the C-terminal
region that particular glutamate varies among the tubulin isotypes and it is not possible
to state a priori which glutamate is modified. Also, the precise number of glutamates
added is variable and seems to make relatively little difference. For example, for regu-
lating MAP binding, the effect of three glutamates in the polyglutamyl side chain dif-
fers from that of six glutamates but not from that of four (38). What is common to all
forms of polyglutamylation, however, is the α/γ-linkage by which the polyglutamyl
chain is connected to the glutamate residue in the C-terminal region.

Polyglycylation has a story that is similar but not identical to that of polyglutamyla-
tion. So far, polyglycylation has been observed only in tubulin and in no other protein.
Also, in contrast to polyglutamylation, which modifies only a single glutamate residue
near the C-terminus, polyglycylation modifies several. The actual number of glycines in
the polyglycyl side chains is highly variable and the precise number does not seem to
be important. Nor does it matter which of the possible polyglycylation sites is actually
modified. Xia et al. (64) worked with Tetrahymena that has five polyglycylated gluta-
mates in the β-chain and three in α; mutants lacking any one or two of the five polyg-
lycylated glutamates in β were unaffected; mutations of any three of these glutamates
were deleterious or lethal. Removal of the polyglycylated glutamates in α had no effect
(64). As has been seen, polyglycylation is critical for proper formation of the doublet
microtubules of the axoneme and, presumably, of the triplet microtubules of the basal
body as well, although this has not been directly examined. It would appear, however,
that the one consistent feature is the presence of the α/γ-linkage joining the first glycine
to a glutamate in the C-terminal region of tubulin.

On the face of it, polyglutamylation and polyglycylation seem strange. If all that is
required is that a chain of glutamates or glycines be present, it is easier to envision a
mutation in the tubulin gene that would simply add them to the C-terminus of tubulin
in an α/α-linkage through ribosomal synthesis. Instead there is a cumbersome system
whereby one enzyme adds glutamate or glycine to a glutamate through a α/γ-linkage
and another enzyme adds further glutamates or glycines through α/α-linkages to the
first one. As there are no mixed chains of glutamates and glycines, there has to be at
least four enzymes, two for polyglutamylation and two for polyglycylation. Nature
seems to have gone to a great deal of trouble to ensure that α/γ-linkages occur in the 
C-terminal region of tubulin.

If the rest of the tubulin molecule is ignored and only the C-termini as they actually
are is focused on, what is seen is not a simple chain so much as a branching network
(Fig. 2). The actual C-terminal peptides of many tubulin isotypes consist largely of 
glutamates and an occasional glycine, aspartate, alanine, or valine, mostly small amino
acids. Attached to the C-terminal through α/γ-linkages are up to five side chains, one
made of glutamates and the others of glycines, each as long as or even longer than the
remainder of the C-terminal peptide. Nowhere else in the world of living organisms is
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there anything like this. However, a similar structure has been observed in the nonliv-
ing world in prebiotic experiments. When glutamate and other amino acids are heated
to 170°C under anhydrous conditions, they polymerize into the so-called proteinoids
(65). Proteinoid formation appears to require the presence of glutamate, which forms 
an imide that catalyzes polymerization (66). Some branching as well as both α/α- and
α/γ-linkages are thought to occur (67). When placed in aqueous medium, proteinoids
form cell-like structures called microspheres that exhibit enzymatic activities, including
ATPase, and can induce polymerization of nucleotides and amino acids (68,69). The
microspheres can even divide (70) and stimulate the growth of neurites (71). It is easy
to envision a volcanic eruption or a meteorite impact—both very common on the early
Earth (72)—creating temperatures that would allow proteinoids to form. Similarly,
glycine is the most common amino acid formed in prebiotic experiments, followed
closely by alanine, and more distantly by valine, aspartate, and glutamate (73). Glycine-
rich proteinoids were probably abundant at the time life originated and were likely to
have contained alanine, valine, aspartate, and glutamate. 

The first self-replicating systems could have arisen in the vicinity of proteinoids that
could conceivably have formed a catalytic matrix to facilitate the earliest biological
processes. What if a few polyglycyl chains joined to glutamates through α/γ-linkages
helped a primitive microtubule become a doublet or even a triplet, thereby forming a
stronger structure? What if a network of glutamates helped the ancestors of NAP1 and
NAP2 stabilize a nucleic acid or helped a primitive tubulin form a microtubule? In this
connection, it is interesting that glutamate, particularly at high concentrations, strongly
stabilizes tubulin’s conformation and also induces tubulin to polymerize (74–77).
Perhaps a function of polyglutamylation is to ensure that the tubulin molecule always
has a supply of glutamate at hand to help in maintaining the molecular conformation. If
glutamate- or glycine-rich proteinoids promoted the assembly of the first microtubules,
there would have been a selective advantage to an organism that could mutate so as to
synthesize a system of enzymes capable of adding chains of glutamates or glycines to
proteins through α/γ-linkages. An organism with these capabilities could liberate itself
from dependence on naturally occurring proteinoids and could explore new environ-
ments, new morphologies, and new biochemistries.
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Fig. 2. Hypothetical C-terminus of β-tubulin of Paramecium, showing known polyglycylation sites
(104) and assuming polyglutamylation at a site homologous to polyglutamylation sites in other organ-
isms. α/γ- and α/α-linkages are shown. Bonds are not drawn to scale. For polyglycylation, the num-
bers of glycines found most commonly attached to the indicated residues are given. More glycines are
often attached. Note that this protein has six C-termini (indicated with asterisks).



We have obviously wandered far into the realm of the speculative, piling guess on
guess and hypothesis on hypothesis, pushing the story of tubulin to as far back as the
origin of life itself. The only possible justification for dragging the reader over such a
mountain of speculation is that such a discussion may lead to fruitful lines of experi-
mentation. For example, it would be useful to search among prokaryote genomes for
genes similar to those of the yet undiscovered eukaryotic enzymes that catalyze the
polyglutamylation and polyglycylation reactions. These genes need not all be found in
the same prokaryotic organism. The assemblage of genes could have arisen through lat-
eral transfer. The recently advanced hypothesis of the “ring of life,” suggesting that
eukaryotes arose from a fusion of eubacteria and archaea (78) means that these genes
could have arisen anywhere and not necessarily together. Purified γ, δ, ε, and other tubu-
lins should be analyzed to see what kinds, if any, of post-translational modifications
occur in these proteins. The line of speculation would imply that polyglutamylation and
polyglycylation would be found in several of these. Otherwise, these modifications
would not be as old as herein suggested. It should be seen if polyglutamylation and
polyglycylation occur in any prokaryotic organisms. The ability of glutamate-rich or
glycine-rich proteinoids to facilitate DNA replication or packaging or to regulate micro-
tubule assembly could be tested. Modeling experiments in silico may reveal the func-
tional significance of the post-translational modifications. Such experimentation would
add to the knowledge of tubulin evolution and function and may shed light on the ori-
gin of eukaryotes and even on the first cells.
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SUMMARY

Human tubulin α/β heterodimers are encoded by six and seven genes for the α- and
β-subunit, respectively. Each of these isotypes can undergo various posttranslational
modifications. Most of the sequence specificity for each isotype and posttranslational
modifications occur at the C-terminal part of tubulin. The biological significance of this
so-called “tubulin code” and its regulation are unresolved questions in basic cytoskele-
ton research and in pathologies such as cancer. βIII-tubulin repeatedly appears as a
potential marker of poor prognosis in different tumor types and of drug resistance.
Nevertheless, because of limitations in present methods of analysis, it is still unclear if
tubulin isotype expression profiles will provide useful biomarkers for the stratification
of cancer patients prior to treatments including microtubulo-interacting drugs. Recent
progresses in mass spectrometry-based analyses of tubulin isotype expression in cancer
cells are presented in this chapter. Such approaches allow the validation of tools such
as antibodies used in immunohistochemistry, identifies tubulin sequences expressed 
in human cells and posttranslational modifications, and offer new avenues for tubulin 
isotype quantitation in tumor and normal tissues.
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1. INTRODUCTION

Microtubules are important components of the cytoskeleton and play crucial roles in
a diverse array of cellular processes including morphogenesis, motility, organelle, and
vesicle trafficking, and chromosome segregation during mitosis. Microtubules also
function as a scaffold for a large number of signaling proteins and may serve to local-
ize and regulate their activities. Because of their pivotal role in cell function, particu-
larly cell division, the microtubule cytoskeleton has emerged as an effective target for
cancer chemotherapy. This chapter will focus on the use of proteomic technologies to
define the tubulin-isotype composition of human cancer cell lines. Mass spectrometry
(MS)-based analyses of tubulin are also useful for the determination of tubulin-ligand
binding sites; but this aspect is beyond the scope of the present chapter.

2. COMPLEXITY OF TUBULIN-PROTEIN EXPRESSION

Tubulin, the basic building block of microtubules is a 100 kDa heterodimer consisting
of single α- and β-polypeptide chains. In humans, six α-tubulin and seven β-tubulin
genes are expressed and are differentially distributed in tissues (Table 1) (see also
Chapter 10). Each isotype can also generate multiple isoforms because of extensive post-
translational modifications, including polyglutamylation, polyglycylation, reversible
tyrosination, phosphorylation, and acetylation (Table 1; Fig. 1) (see also Chapter 10).
Consequently, numerous possible combinations of tubulin heterodimers, defined by iso-
type composition and the degree of post-translational modifications (PTM), can occur in
cells and tissues. Whether the expression of multiple tubulin isotypes with their asso-
ciated modifications is of functional significance, is an area of intense investigation. One
exciting possibility is that the extensive tubulin structural diversity represents a complex
code that can be deciphered and acted upon by interacting proteins (1,2). 

There is evidence from in vitro studies that the tubulin-isotype composition can influ-
ence both the dynamic and drug-binding properties of microtubules (3–6) and that the
PTM may regulate interactions with associated structural and motors proteins (7–9).
When the amino acid sequences of the human α- or β-tubulin isotypes are aligned, most
of the divergence is contained in the last 20 amino acids (Table 2) (10). This domain has
been termed the isotype-defining region and, significantly, all of the known PTM, with
the exception of acetylation of Lys40, occur within this highly acidic region (Fig. 1) (1).
In the electron crystallographic model of the αβ-tubulin heterodimer, this C-terminal
peptide is not resolved because of its unstructured nature. Both α and β C-terminal pep-
tides lie as a flexible arm at the surface of the microtubule lattice (11,12), where they
are accessible to the enzymes responsible for the various PTM and for interactions with
regulatory and motor proteins (Fig. 1). 

Despite the importance of microtubules as a target for anticancer drugs, detailed
information on tubulin composition in human non-neuronal cells is limited. The tubulin
expression profiling in mammalian cell lines/tissues has been achieved at the mRNA
level by reverse transcriptase-polymerase chain reaction (RT-PCR) and at the protein
level by antibody-based approaches (13). RT-PCR, although a convenient approach,
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Table 1
Nomenclature, Tissue Distribution, C-Terminus Sequence and Post-Translational Modifications

of Human Tubulin Isotypes

Post-
Human Tissue C-terminus translational 

Isotype gene expressiona sequenceb modificationsc

α
Kα1 TUBA1/k-α1 Widely MAALEKDYEEVGVDSV glutamylation 

expressed EGEGEEEGEEY (E445)
bα1 TUBA3/b-α1 Mainly in MAALEKDYEEVGVHS glycylation 

brain VEGEGEEEGEEY (E445)
3 TUBA2 Testis LAALEKDYEEVGVDS detyrosination/

specific VEAEAE-EGEEY tyrosination
4 TUBA4 Brain MAALEKDYEEVGI removal of 

muscle DSYEDEDE—GEE- penultimate 
6 TUBA6 Widely MAALEKDYEEVGA glutamate 

expressed DSADGEDE—GEEY acetylation 
8 TUBA8 Heart, LAALEKDYEEVGTDS (K40)

muscle FEEENE—GEEF
testis

β
I HM40/TUBB Constitutive YQDATAEEEEDFGEEA glutamylation 

EEEA (E435)
II Hβ9/TUBB2 Major YQDATADEQGEFEEE glycylation 

neuronal EGEDEA (E445,E447,
lung E448)

III Hβ4/TUBB4 Minor YQDATAEEEGEMYED phosphorylation
neuronal DEEESEAQGPK of βIII isotype 
testis (S444)

IVa Hβ5/TUBB5 Brain YQDATAEQGEFEEEAE
specific EEVAd

YQDATAEEGEFEEEAE
EEVA

IVb Hβ2 Major YQDATAEEEGEFEEEA
testis EEEVA

V 5β/βV Uterus 
adeno- YQDATANDGEEAFEDEE
carcinoma EEIDG

VI Hβ1/TUBB1 Blood FQDAKAVLEEDEEVTEE
AEMEPEDKGH

aTubulin isotype distribution in human tissues has been performed mainly by RT-PCR, Western blot-
ting, and immunohistochemistry.

bAmino acids differing from isotype 1 (k-α1) for α-tubulins or from isotype I (HM40/TUBB) for 
β-tubulins are highlighted in black.

cPosition and amino acid modified by posttranslational modification are indicated in brackets and
refer to studies performed on mammalian tubulin.

dTwo βIVa-tubulin sequences with distinct C-termini were found in the NCBI protein database. The
upper C-terminus sequence was found in human brain and lower sequence was found in a human oligo-
dendroglioma and in mouse brain.
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Fig. 1. Model of the tubulin α/β-heterodimer. β-tubulin is represented at the top in light gray and 
α-tubulin at the bottom in dark gray. The atoms of Lys40 on α-tubulin, where acetylation occurs as well
as those of Glu435 on β-tubulin, where glutamylation occurs, are represented by yellow spheres. The
extreme C-termini are represented in yellow as dashed random-shaped lines that were added to the struc-
ture. Their respective length is approximate, but shows that the average α-tubulin C-terminus is smaller
than the average β-tubulin C-terminus. These C-termini are the locus of multiple posttranslational mod-
ifications (see Table 1). The domain forming the external surface of microtubules, which interact with
MAPS and motors is colored in red. Taxol is represented in green whereas GTP and GDP are repre-
sented in red. The orientation diagram in the bottom right corner indicates that the tubulin is viewed side-
way, the lumen of the microtubule (in) being on the right and the external surface (out) on the left. Two
major lateral domains, the helix 3 (H3) and the M-poop (M) are in the back and in the front of each sub-
unit, respectively. To view this figure in color, see the insert and the companion CD-ROM.

does not give direct information on the corresponding protein expression levels or to 
the type and extent of the various PTM. This is particularly relevant to β-tubulin 
mRNA because it appears to be autoregulated by the level of the free β-tubulin pool 
in cells (14). Similarly, heterozygous transcriptional expression of a tubulin mutation 
in cancer cell lines selected for resistance to microtubule-interacting drugs does not
reveal whether both wild-type and mutant tubulin proteins are expressed and if so, at
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Table 2 
MS Performance and Application in Proteomics Studies

Mass Application 
accuracyb MS/MS in High  LC 

Instrument Resolutiona (ppm) capability proteomics throughput capabilityc

Maldi-TOF ~103 100–1000 PSD Peptide Yes
mass 
mapping

Maldi-TOF- ~103 100–1000 CID Protein ID by Yes
TOF MS/MS

Maldi-QqTOF ~104 5–40 CID Protein ID by Yes
MS/MS

Maldi-ion trap ~103 300–1000 CID Protein ID by Yes
MS/MS

ESI-ion trap ~103 300–1000 CID Protein ID and Yes
PTM by 
MS/MS

ESI-QqTOF ~104 5–40 CID Protein ID and Yes
PTM by 
MS/MS

ESI-FT ICR 
MS ~105 <1–10 ECD Protein ID and Yes

PTM by MS/MS 
and top–down 
MS/MS approach

aResolution is defined as the full-width-at-half-maximum.
bMass measurement accuracy in parts per million (ppm).
cThe effluent of HPLC is delivered directly to the mass spectrometer. MALDI-TOF, matrix assisted

laser desorption ionization time of flight mass spectrometer; MALDI-QqTOF, matrix assisted laser des-
orption ionization hybrid triple quadrupole time-of-flight mass spectrometer; MALDI-TOF-TOF, matrix
assisted laser desorption ionization tandem time-of-flight mass spectrometer; MALDI-ion trap, matrix
assisted laser desorption ionization ion trap mass spectrometer; ESI-ion trap, electrospray ionization ion
trap mass spectrometer; ESI-QqTOF, electrospray ionization hybrid triple quadrupole time-of-flight mass
spectrometer; ESI-FT ICR MS, electrospray ionization Fourier transform ion cyclotron resonance mass
spectrometer; ECD, electron capture dissociation.

what ratio. The presence of a number of tubulin pseudogenes can also lead to erroneous
expression data. 

Antibodies directed against the C-terminal peptides of most of the β-tubulin, but not 
α-tubulin, isotypes are readily available and have been used to evaluate their respective iso-
type expression levels (see Chapter 10). However, such studies are semiquantitative at best,
because of the differing binding affinities of the antibodies employed. Moreover, the iso-
type specificity of some of these antibodies has not been firmly established. Nevertheless,
antibodies, which specificity has been validated by MS are essential tools for high through-
put analysis of tenuous samples and for the determination of subcellular distribution of
tubulin isotypes by immunofluorescence or electron microscopy. Antibodies recognizing
glutamylated tubulin are also available, but they provide no information as to the length of
the appended side chain. This is potentially important information as in vitro studies have
indicated that the ability of certain structural and motor microtubule associated proteins
(MAPs) to interact with tubulin varies with the length of the polyglutamyl side chain (7–9).



3. MS AS A TOOL IN MICROTUBULE RESEARCH

In an effort to expand the scope of tubulin isotype qualitative and quantitative analysis,
it was decided to incorporate proteomic approaches into the analysis of tubulin-isotype
expression in cancer cell lines and tissues. MS has become an essential component of
biological experimentation because accurate mass measurement of peptides and proteins
can define both their sequence and PTM. Mass spectrometers consist of six functional
elements: sample inlet, ion source, mass analyzer, ion detector, vacuum system, and a
dedicated computer. There are a variety of instruments available with different means of
ionization, detection, sensitivity, and resolution. Different ionization methods (such as
matrix-assisted laser desorption ionization (MALDI) and electrospray ionization [ESI])
can be combined with differing mass analyzers (such as time of flight, tandem time of
flight, hybrid triple quadrupole time of flight, ion trap, and Fourier transform ion
cyclotron resonance [FT ICR]) and differing ion detection systems, each with a differ-
ent suitability for certain experiments (Table 2).

In MS, the mass-to-charge ratios of gas-phase peptide or protein ions are determined.
Thus, the peptide or protein molecules must be ionized and the ions must be in the gas-
phase. MALDI (15) and ESI (16) are two “soft ionization” methods. MALDI usually
produces singly charged peptide ions. It is often coupled to a time-of-flight (TOF) mass
analyzer. The isotopic peaks of a small peptide (<2000 Da) may be resolved in the linear
mode of MALDI-TOF MS and the monoisotopic mass can be obtained with the mass
measurement error within 100 ppm, which means that the mass measurement error will
be less than 0.2 Da for a peptide with the mass of 2000 Da. The combination of two-
dimensional electrophoresis, in-gel protease digestion and MALDI-TOF MS peptide
mass mapping has become an important analytical technique for identification of
proteins. In this method, the determined peptide molecular masses are compared with
expected values computed from the database entries according to the enzymes’ cleavage
specificity. MALDI-TOF is very sensitive and requires small quantities of samples. It is
the ideal technique for high-throughput application. Protein can also be identified using
tandem mass spectrometry (MS/MS), in which the ionized peptide is selected and frag-
mented to collect the sequence information (MS/MS spectrum), followed by comparing
the MS/MS spectrum to predicted tandem mass spectra computer generated from a
sequence database. This method is more unambiguous than those achieved by peptide
mass mapping as the MS/MS spectra provide peptide sequence information. Although
postsource decay (PSD) spectra obtained with MALDI-TOF can provide amino acid
sequence data of peptides, it is time-consuming and low-intensity precursor ions do not
produce enough PSD fragmentation to allow derivation of even short sequence tags
(17). MALDI can also be coupled to hybrid triple quadrupole TOF (QqTOF), tandem
time-of-flight (TOF/TOF) (18) or ion trap mass analyzer (19). Each of these combina-
tions can generate collision-induced dissociation (CID) MS/MS spectra of selected
precursor ions (see Table 2).

ESI produces singly and/or multiply charged peptide ions. It is capable for on-line
liquid chromatography–mass spectometry (LC-MS) analysis. It can be coupled with
variety of mass analyzers such as ion trap, QqTOF, and FT ICR. The resolution of a
mass spectrometer is defined as the ratio of the m/z value on the full-width-at-half-max-
imum of the mass peak or Δm/z. Therefore, mass spectrometers such as QqTOF and FT
ICR with a resolution >104 and >105, respectively afford the detection of isotopic peaks
of a large peptide ion with mass of ca. 5000 Da (full-width-at-half-maximum = 0.5 Da
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and 0.05 Da, respectively). The monoisotopic mass of a peptide can be easily measured
with the mass accuracy of 5–40 ppm by QqTOF and less than 1–10 ppm by FT ICR,
respectively, which means that the mass measurement error for a peptide with the mass
of 2000 Da will be less than 0.08 Da and 0.02 Da by QqTOF and FT ICR, respectively.
Low-flow rate ESI improves the sensitivity (20,21). Both nano- and micro-ESI are now
widely used in biological MS (22). ESI produces multiply charged protein ions, allow-
ing the m/z to fall within the range of most analyzers. In contrast to “bottom up” prote-
olysis characterization, “top down” FT ICR MS has been used for the detailed structural
characterization of large proteins (23), in which ionized proteins can be trapped in the
ICR cell and subjected to electron capture dissociation (24,25) to obtained the fragment
ions of proteins.

As the carboxyl-terminal peptides are both characteristics of a specific tubulin iso-
type and are also the main site for PTM, generation and purification of these peptides
from tubulin have been the basis for most MS-based characterization of tubulin across
phyla (26–34). These carboxyl-terminal peptides can be generated from purified tubu-
lin by chemical cleavage with cyanogen bromide (CNBr) or enzymatic cleavage with an
endoprotease. In most studies, anion exchange enrichment of these acidic peptides was
performed before reverse phase high-pressure liquid chromatography (HPLC) separa-
tion and MS. Antibodies against the isotype-defining domains have also been used to
capture specific populations of carboxyl-terminal peptides on immunoaffinity columns.
This approach is particularly useful when the analysis of discrete tubulin isoforms is
sought. Frankfurter and colleagues (26) have combined CNBr cleavage and antibody
capture of C-terminal peptides to demonstrate the glutamylation and phosphorylation of
βIII-tubulin from bovine brain. It was sought to design methods for the isolation and
analysis of tubulin from human cell lines and tissue that would be more direct from
sample preparation to analysis.

4. ISOLATION OF TUBULIN FROM HUMAN CELL LINES

Tubulin can be isolated from tissues rich in microtubules through repeated cycles of
polymerization at 37°C and depolymerization at 0°C (35). However, as some micro-
tubules are cold-stable, this subpopulation would be lost during the purification process.
Isolation of tubulin by anion ion exchange chromatography on diethylaminoethyl cellu-
lose is well-established and can be used to purify soluble tubulin from a variety of sources
(36). The process usually requires larger amounts of starting material with some variability
in terms of yield and purity of tubulin, and is only worth pursuing when functional tubulin
is required. To isolate tubulin from nonneuronal cell extracts, where the tubulin concentra-
tion is lower than the critical concentration needed for assembly at 37°C, Taxol is used for
its ability to promote tubulin polymerization at these low concentrations. The use of Taxol
as a tool to isolate microtubule-associated proteins was originally described by Vallee (37).
It was demonstrated that Taxol-driven polymerization of tubulin from cytosolic extracts
derived from a variety of cancer cell lines was quantitative and yielded highly enriched
microtubule preparations (38). It should be noted that with some cell lines and almost every
tissue, some F-actin often cosediments with the Taxol-stabilized microtubules. If necessary,
F-actin can be eliminated by pretreating the cell lysates with a F-actin-stabilizing drug, for
example, phalloidin, and preclearing by centrifugation. Conversely, Taxol-driven polymer-
ization can be performed in the presence of a F-actin-depolymerizing drug, for example,
latrunculin B that maintains actin in its monomeric form (G-actin).
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5. DIRECT MALDI-TOF MS ANALYSIS OF C-TERMINAL TUBULIN
PEPTIDES FROM TOTAL CELL EXTRACTS

In the initial analysis of human cell lines CNBr was used to release the C-terminal
tubulin fragments (39). The masses of the human α- and β-tubulin CNBr-derived 
C-terminal peptides are all unique and are in the 2000–4000 mass range thus facilitat-
ing direct MS analysis (Table 3). This was originally anticipated that it would be neces-
sary to isolate tubulin from these cell lines before CNBr-release of the highly divergent 
C-terminal peptides. However, because of the acidic nature of these peptides, it was
found that they could be analyzed directly by MALDI-TOF-MS in the negative mode
without significant interference from other peptides released from this region of the gel.
Selective detection in the negative mode is a characteristic feature of highly acidic pep-
tides (40). For MS analysis, total cell extracts are resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), transferred to nitrocellulose, and the
region of the blot corresponding to tubulin (~50 kDa) excised and digested with
CNBr/formic acid. A rabbit polyclonal antibody prepared against a synthetic peptide
corresponding to the final 12 amino acids of human Kα1 was used to follow the release
of the CNBr C-terminal fragment. Under the digestion conditions (39), i.e., CNBr
(150 mg/mL) in 70% formic acid for 3.5 h at room temperature, no immunoreactivity
remained on the nitrocellulose filter after the incubation period demonstrating that the
CNBr cleavage/release of the C-terminal peptides was quantitative.

The MALDI-TOF mass spectra of the CNBr-released C-terminal tubulin peptides from
the A549 lung-cancer cell line is shown in Fig. 1A. Three major, and several minor, molec-
ular ions are clearly resolved. To confirm that these ions were derived from tubulin pep-
tides, the three major ions were subjected to CID/PSD-MALDI-MS. The fragmentation
patterns obtained confirmed that the molecular ions with m/z values of 2860.5 and 3367
corresponded to the C-terminal CNBr fragments of Kα1 and βI-tubulins, respectively.
However, the molecular ion with a m/z value of 2590.4 did not correspond to the mass of
any cloned α/β-tubulin C-terminal fragment in the databases at that time. Only a partial
fragmentation pattern for this molecular ion was observed by CID/PSD-MALDI-MS.
Nevertheless, fragmentation ions corresponding to the first several N-terminal amino
acids of the peptide could be identified and they were clearly derived from an α-tubulin.
The remaining sequence of this peptide was determined by a combination of tandem MS
and MALDI-TOF MS analysis of partial carboxypeptidase Y digests. The amino acid
sequence of this peptide shared similarities with the corresponding region of the mouse
α6-isotype, but was clearly distinct (39). More recently, the gene encoding the human 
α6-tubulin was identified (41) and the deduced sequence of its C-terminal peptide was
identical to the sequence obtained by. The minor ion with a m/z value of 3478.9 in Fig.
2A was tentatively identified as the βIVb-isotype. This combined isoelectric focusing
(IEF)-MS approach can be used to document the specificity of any putative tubulin iso-
type-specific antibody. There have been reports that the βII-tubulin isotype is a major
component of the tubulin cytoskeleton in the MDA-MB 231 breast cell line (42,43). In
both cases, the identification was by immunological-based methods. The MS-based
method, which measures isotype composition based on the CNBr-release of the highly
divergent C-terminal peptides, found that the βII-isotype was lower than the level of detec-
tion in this cell line (39). As βII-tubulin could be detected in bovine brain microtubule
preparations, where it is the major isotype, it is not believed that the inability to detect the
βII-isoform in this cell line was a problem inherent to the MS-based method. Similarly,
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βIVa-mRNA was detected by RT-PCR in A549 cells, yet it was undetectable at the pro-
tein level in the same cell line.

Ion suppression effects, however, can be a significant problem in MALDI-TOF MS
and the analysis of the C-terminal tubulin peptides derived from total cell extracts may
under-represent specific isotypes (39). Ions for minor tubulin species could be sup-
pressed by the presence of the more highly abundant tubulin C-terminal peptides and/or
because of differential ionization efficiencies of the various peptides. This approach was
re-evaluated by reducing the complexity of the sample before CNBr digestion (44).
Tubulin was purified by the Taxol-based polymerization method from MDA-MB-231
cell extracts followed by the separation of α-tubulin and β-tubulin on SDS-PAGE gels
before transfer to the nitrocellulose membrane. Tubulin can be resolved into two distinct
bands by 1D SDS-PAGE using 95% pure SDS containing large aliphatic chain alkyl sul-
fate contaminants. With mammalian tubulin, the band with the slowest electrophoretic
motility contains only α-tubulin and the fastest β-tubulin.

The region of the blot containing either α- or β-tubulin was CNBr-digested and MALDI-
TOF MS analysis was performed (Fig. 2B,C). The m/z peaks intensity corresponding to the
βIVb-peptide was increased significantly compared with that obtained from tubulin ana-
lyzed from unfractionated cell extracts (Fig. 2A) (39). Very low levels of the C-terminal
peptide of tyrosinated α4-tubulin were also detected (Fig. 2B). However, the C-terminal
peptide of the βII-isotype was still undetectable (44). It could be argued that the Taxol-
dependent polymerization process selectively enriched for specific β-tubulin isotypes. For
this reason, immunoblot analysis was used to follow the isotype composition during the
tubulin isolation step. The data established that the isotype composition of the final Taxol-
stabilized microtubule pellet was representative of the cellular tubulin composition (44).

Table 3
Identity of Human Tubulin Isotypes: NCBl Accession Number, Isoelectric Point, and Mass

CNBr 
Tubulin Accession Protein Isoelectric C-terminus 
isotype number NCBI mass (Da) point mass (Da)b

α1/bα1 CAA25855 50,157.7 5.02 2882.9
α1/Kα1 AAC31959 50,151.6 4.94 2860.9
α3 Q13748 49,959.5 4.98 4152.2
α4 A25873 49,924.4 4.95 2633.6
α6 Q9BQE3 49,895.3 4.96 2590.6
α8 Q9NY65 50,093.5 4.94 4158.2
βI AAD33873 49,670.8 4.78 3367.3
βII AAH01352/ 49,953.1/ 4.78/4.78 3467.4

NP_001060a 49,907
βIII AAH007448 50,432.7 4.83 1624.6
βIVa P04350/ 49,630.9/ 4.81/4.78 3350.4/3351.3

NP_006078a 49,585.8
βIVb P05217 49,831 4.79 3480.5
βV NP_115914 49,857.1 4.77 3552.5
βVI NP_110400 50,326.9 5.05 809.8

aTwo different sequences were found in the NCBI protein database and since no source expressing
nonmodified βII or βIVa has been identified, both should be considered.

bCalculated [M-H]– mass of the CNBr C-terminal peptides when analyzed by MALDI-TOF in the
negative mode.



6. ANALYSIS OF TUBULIN-ISOTYPE EXPRESSION 
BY COMBINED IEF AND MS

The isolation of tubulin from cell extracts using the Taxol-driven polymerization
coupled to high-resolution isoelectrofocusing (IEF) was developed as a tool to visualize
and analyze the various intact tubulin isoforms present in cancer cell lines (44). The
recent technological improvements in IEF involving the use of precast immobilized pH
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Fig. 2. Analysis of CNBr C-terminal peptides of tubulin isotypes by MALDI-TOF MS in the nega-
tive ion mode. CNBr digestion was performed either on mixed α- and β-tubulin (Panel A) or after
electrophoretic separation of α-tubulin (Panel B) from β-tubulin (Panel C). Panel A, α- and β-tubulin
isotypes present in A549 total lysates; Panel B, α-tubulin isotypes present in Taxol-stabilized micro-
tubules isolated from A549 lysates; and Panel C, β-tubulin isotypes present in Taxol-stabilized micro-
tubules isolated from A549 lysates.



gradient gel strips up to 24 cm in length and containing a one pH unit gradient from 4.5
to 5.5 were instrumental in separating tubulin isotypes that differed in pI by only 0.01 pH
units (Table 3). An important additional advantage of this IEF approach is that charge
altering mutations to tubulin in drug-resistant cell lines are readily detectable (44).

After electrofocusing and protein staining, the location of each tubulin isotype on the
immobilized pH gradient gel strip was definitely assigned by performing in-gel trypsin
digestion followed by MALDI-TOF MS analysis. Mass analysis of each tryptic digest
detected several isotype specific peptides that confirmed the assignment of each band to
an individual tubulin isotype class (44). The presence of the tubulin isotypes was con-
firmed in the MDA-MB 231 and A549 cell lines identified previously by MALDI-TOF
MS analysis of C-terminal tubulin peptides (39). Morever, a protein having the pI value
predicted for recently cloned human α6-tubulin was detected and confirmed as being
α6-tubulin by peptide mapping. The high-resolution IEF approach demonstrated that
there was an excellent match between theoretical and measured pI of nonmodified 
βI-, βIVb-, βIII-, Kα1-, and α6-tubulin isotypes and their monoglutamylated isoforms
(Fig. 3). This approach also provided a semiquantitative assessment of tubulin-isotype
expression between drug-sensitive and -resistant cell lines based on Coomassie blue
staining patterns. An increase in βIII-tubulin expression was detected in resistant cells
(44). A minor βIII-tubulin species that corresponded most likely to monoglutamylated
or phosphorylated βIII-tubulin was also detected.

The ability to resolve and identify each tubulin isotype on high-resolution IEF gels
also allowed to evaluate the specificity of a panel of tubulin isotype-specific antibodies
(44). The anti-β-tubulin isotype monoclonal antibodies produced and characterized by
Dr. Ludueña and coworkers (10) represent valuable tools that have helped to unravel the
functional significance of the different tubulin isotypes. No cross-reactivity of the
anti-βI, βIII-, and βIV-tubulin antibodies was observed in the present study. However,
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Fig. 3. Separation of tubulin isotypes by high-resolution isoelectrofocusing. Tubulin isotypes were
resolved on IEF gel and Coomassie blue stained gels are presented. Cell lines are indicated on the left
and each identified tubulin isotype is indicated by an arrow: CA46, Burkitt lymphoma; HeLa, cervi-
cal carcinoma; A549, nonsmall cell lung carcinoma; A549.EpoB40, an epothilone B-resistant A549
cell line. Actins that are present in the Taxol-stabilized microtuble preparations are found at higher pI
values than tubulins.



extensive cross-reactivity of the anti-βII-tubulin antibody with βI-tubulin was detected
(44). The mutation Q292E found in βI-tubulin in MDA-MB-231.K20T, a Taxol-resistant
cell line was very instrumental in revealing this cross-reactivity. This mutant βI-tubulin
is more acidic than βI and therefore focuses at a more acidic position on IEF strips than
wild-type βI-tubulin (Fig. 3). After transfer on nitrocellulose, the western signal patterns
generated with either the anti-βI- or the anti-βII-tubulin were undistinguishable (44).

7. DIRECT ANALYSIS OF TUBULIN-ISOTYPE EXPRESSION BY ESI MS

Tubulin α- and β-subunits can also be separated by reverse-phase HPLC on C4, C8,
or C18-columns using linear aqueous acetonitrile gradients containing TFA and ana-
lyzed directly by ESI-MS (38). If necessary, samples can be reduced and alkylated
before LC. Poorly soluble tubulins can be solubilized in 6 M guanidine-HCl with no
change in retention time. Figure 4 (inset) is a representative chromatogram showing the
total ion current of a typical human microtubule preparation. All the masses in the range
of human tubulins were found between 44 and 60 min of the gradient, which includes
the largest ion peak (38). This was not an unanticipated result as tubulin is the major
protein component in the Taxol-stabilized microtubule pellets. After averaging the scans
between 44 and 60 min, overall profiles of the deconvoluted mass peaks for the differ-
ent tubulin proteins were obtained in both cell lines (Fig. 4). The observed masses
matched closely those of βI-, βIVb-, α6-, tyrα4-, Kα1-, glu-Kα1-, and βIII-tubulin,
respectively (Table 3) (38).

To confirm the identity of the A549-tubulin isotypes, tryptic mass mapping of the iso-
types resolved on the C4 column was performed. In these experiments, the column efflu-
ent was split for fraction collection and for delivery to the ion trap mass spectrometer. The
total ion current was deconvoluted in 1 min segments across the gradient and fractions that
contained the same protein masses were pooled. After removal of solvents, tryptic diges-
tion was performed and the resulting peptides were analyzed by MALDI-TOF MS and
tubulin isotype-specific tryptic peptides were identified (38). Importantly, no βII- or βIVa-
isotype-specific tryptic peaks were observed during these mass mapping experiments.

In the field of drug resistance, mutations that occur to the primary drug target repre-
sent important mechanisms by which a cell can overcome the cytotoxic effects of a drug
(13). To date, the search for tubulin mutations in cell lines selected for resistance to
microtubule-stabilizing drugs such as Taxol and the epothilones has been largely
restricted to βI-tubulin. However, studies from this group have also detected mutations
to Kα1-tubulin in some drug-resistant cell lines (45). Moreover, βIVb- and α6-tubulins
are present at significant levels in many of the cell lines examined (38,44). Although
technically feasible, the complete sequencing of the multiple tubulin transcripts in human
cell lines would be a lengthy and difficult task partly because they are so highly con-
served. In addition, whether mutations that occur to a single tubulin allele are expressed,
and to what levels, are important as the ratio of wild-type to mutant tubulin could have a
significant effect on the level of resistance. A major advantage of the LC/ESI-MS method
is that it can be used to analyze directly mutations that occur to the various tubulin iso-
types in drug-resistant cell lines (38). In a series of Taxol- and epothilone-resistant
human cell lines that harbor heterozygous mutations in either βI- or Kα1-tubulins, the
expression of the mutant tubulins was clearly observed at levels that appeared higher than
the wild-type isotype (Fig. 5) (38). With the ion trap mass spectrometer that was used in
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these studies, it was possible to discriminate wild-type and mutant βI-tubulins that differ
in mass by 26 Da. By using a QqTOF or FT ICR mass spectrometers, it is expected to
be able to detect expression of mutant tubulins that differ in mass by 15 Da or even lower.

8. OVERVIEW OF TUBULIN-ISOTYPE EXPRESSION 
IN DRUG-SENSITIVE AND RESISTANT CELL LINES

In the first tubulin proteomic manuscript evidence was presented for a new human 
α-tubulin isotype expressed in breast and lung cancer cell lines (39). As discussed ear-
lier this isotype was eventually shown to be α6-tubulin. In the most recent LC/ESI-MS
manuscript, the first evidence was presented for the expression of the α4-tubulin isotype
in human cell lines (38). This α-tubulin isotype is the only isotype not to have a tyro-
sine or a phenylalanine residue as the last encoded residue. The MS analysis showed
that the majority of α4-tubulin isotype was tyrosinated in the cell lines studied, indicat-
ing the presence of a functional tubulin tyrosine ligase. The most striking difference
between the analysis of tubulin-isotype expression at the protein level (38,39,44) and
previous studies at the mRNA level (46) is the absence of detectable βIVa- and βII-tubulin
expression in both sensitive and resistant cell lines. As the data established that tubulin was
quantitatively recovered from cells by Taxol-driven polymerization (38), either there is
an unknown bias in the RT-PCR results or there is a still unknown silencing mechanism
for βII- and βIVa-tubulin mRNA translation. Increased βIII-tubulin expression levels

Chapter 8 / Tubulin Proteomics in Cancer 205

Fig. 4. LC-ESI-MS analysis of tubulin isotypes present in Taxol-stabilized microtubules from A549
cells. Tubulin isotypes were separated on a C4 HPLC column. The total ion chromatograph is shown
in the inset. The deconvoluted mass spectrum was obtained by averaging scans in the retention time
range (44–56 min) as indicated by the horizontal bar in the inset.



have been repeatedly confirmed at the protein level using a variety of methods in cell lines
resistant to Taxol (13,47–49).

The analysis of tubulin-isotype expression in cancer cell lines has also allowed to
determine which sequences of the main isotypes are expressed. This is important as
multiple entries for some human-tubulin isotypes can be found in the databases (38).
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Fig. 5. LC-ESI-MS analysis of the Kα1- and βI-isotypes present in Taxol-stabilized microtubules
from Taxol- and epothilone-resistant cell lines. The drug-sensitive parental cell lines express Kα1-
and βI-tubulins (Panel A [A549] and Panel B [HeLa]) with the correct mass. A549-T12, a Taxol-
resistant cell line expresses both the wild-type and mutant Kα1-tubulins (Panel C), whereas
HeLa.EpoA9, an epothilone-resistant cell line, expresses both the wild-type and mutant βI-tubulins
(Panel D). The asterix in panels C and D indicate the wild-type proteins.



Because of the inability to detect expression of βIVa- and βII-tubulins at the protein
level, it is still necessary to clarify which sequences are correct for these two isotypes
(Table 3). An interesting observation is that the ratios of Kα1-tubulin: βI-tubulin and
α6-tubulin: βIVb-tubulin are close to one in the cell lines examined so far. This trend
suggests that there may be a preferential pairing of a specific β-tubulin isotype with a
specific α-tubulin isotype.

In contrast to mammalian neuronal tubulins, PTM to tubulin in these human cancer
cell lines are minimal. Glutamylation was limited to one residue and was present in a
very small fraction of the tubulin. All of the α-tubulins were fully tyrosinated and Lys40
acetylation was lower than the level of detection. However, it is important to stress that
the analyses were performed on the total tubulin population present in these cell lines.
It is known that polyglutamylation is cell-cycle regulated and reaches a maximum dur-
ing mitosis when spindle microtubules are extensively polyglutamylated (50).

9. QUANTITATION IN TUBULIN PROTEOMICS

Differential expression of the several α- and β-tubulin isotypes has been proposed as
a potential mechanism of resistance toward microtubule-stabilizing drugs. Unfortunately,
the use of MS to quantify tubulin isotype levels between different biological samples is
unreliable for several reasons, including different ionization potentials of peptides, ion
suppression effects, and variation of responses by detectors. Nevertheless, in the past
few years several labeling methods have been introduced that allow investigators to
quantify relative proteins levels between biological samples. In some cases, absolute
protein levels have been quantified. In the tubulin proteomics program, two quantitation
methods are being integrated, one designed for cultured cell lines and the other for 
tissue biopsies.

9.1. Quantitation of Relative Tubulin Expression Levels 
in Human Cell Lines

Stable isotope labeling by amino acids in cell culture (SILAC) are being used to dif-
ferentially label proteins in Taxol-sensitive and -resistant cell lines (51–53). In the
SILAC method, two cell lines are cultured for several generations in media containing
either a “heavy” essential amino acid (e.g., 2H n = 3-Leu or 13C n = 6-Arg) or its nor-
mal “light” counterpart. After five doubling in the presence of the “heavy” medium, the
majority of the “light” tubulin has been replaced by its “heavy” counterpart. For rela-
tive quantitation of protein expression levels, equal amounts of total cytosolic proteins
from cell lines grown in “light” medium and “heavy” medium are mixed and tubulins
are isolated by Taxol-induced polymerization and resolved by 1D SDS-PAGE. For
relative quantitation of total α- and β-tubulin levels, the tubulin-containing region is
excised from the gel and subjected to trypsin digestion followed by MALDI-TOF MS.
In the case of the leucine-labeling protocol, for example, leucine-containing tryptic
peptides will be represented b y two m/z peaks separated by a multiple of 3 Da in the
mass spectra, depending on the number of leucines contained in the peptide. As both
heavy and light tryptic peptides are chemically equivalent, the ratio of signal intensi-
ties for each peptide pair is a reflection of the relative protein levels in the two sam-
ples. For relative quantitation of individual tubulin isotype levels, samples will be
separated by IEF and gel bands containing a particular isotype analyzed by tryptic
mass mapping.
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9.2. Quantitation of Absolute Tubulin Isotype Levels 
in Tissue Biopsies

The SILAC quantitation method cannot be used for tissue-derived samples. In this
situation, it is proposed to determine absolute tubulin isotype levels by the addition of
isotopically labeled peptides, prepared by either synthetic (15N) or enzymatic (18O) pro-
cedures, as internal standards.

10. CONCLUSION

In the laboratories, proteomic methods are being developed that will allow the quan-
titative analysis of tubulin isotypes in human cell lines, tissues, and organs. Such infor-
mation will provide the ability to resolve the important question regarding whether
tubulin-isotype composition has a significant role in drug response and resistance.
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SUMMARY

Microtubules are cytoskeletal polymers made of repeating αβ-tubulin heterodimers
that play essential roles in all eukaryotic cells. The dynamic character of microtubules
is key to their functions, as evidenced by the large number of natural compounds that
bind tubulin, alter microtubule dynamics and result in mitotic arrest. The electron
crystallographic structure of tubulin showed that the α- and β- tubulin monomers are
very similar. They contain a nucleotide binding domain, an intermediate domain
where Taxol binds in β-tubulin, and a C-terminal helical region that form the crest of
microtubule protofilaments where motors and other associated proteins bind. The
complex dynamic behavior of microtubules, while modulated by other cellular factors,
is ultimately due to the tubulin subunit architecture and its intrinsic GTPase activity.
Thus, knowledge of the structure of tubulin and the microtubule is essential for our
understanding of vital microtubule properties with relevance to broadly used anticancer
therapies. 

Key Words: Tubulin; microtubule; dynamic instability; anti-mitotic agents; Taxol;
epothilone; GTPase.

1. INTRODUCTION

Microtubules are made of repeating αβ-tubulin heterodimers that bind head to tail
into protofilaments. Parallel association of protofilaments forms the microtubule wall
and gives rise to a polar polymer. In the cell the “minus-end” of the microtubule, capped
by α-monomers, is generally attached to the centrosome. The more dynamic “plus-end,”
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capped by β-monomers, can actively explore the cell, and attaches to the kinetochore
during mitosis. Microtubules associate with a number of other proteins, including
motors and cellular regulators that either stabilize or destabilize microtubules. Each
tubulin monomer binds one molecule of guanosine 5′-triphosphate (GTP), nonex-
changeably in α-tubulin (N-site) and exchangeably in β-tubulin (E-site). GTP must be
present at the E-site for tubulin to polymerize, but it is hydrolyzed and becomes nonex-
changeable on polymerization. With guanosine 5′-diphosphate (GDP) at the E-site, the
microtubule is in a metastable structure that is thought to be stabilized by a cap of
remaining GTP-tubulin monomers at the ends (see Chapter 3). The loss of this cap
results in rapid depolymerization (1,2). These characteristics result in dynamic instability,
an essential microtubule property that allows microtubules to search through the cell for
targets such as kinetochores.

The amino acid sequence of tubulin is highly conserved across species, reflecting
constraints imposed by microtubule structure and functions that rely on a large variety
of interprotein interactions. On the other hand, both α- and β-monomers exist in numer-
ous isotypic forms and undergo a variety of post-translational modifications that are
likely to be important for specific interactions with the other proteins and in providing
microtubules with different dynamic properties (3). The stability and dynamics of
microtubules are very actively regulated by a number of cellular factors (4), as well as
a variety of ligands, some with important anticancer properties (5).

2. THE TUBULIN FOLD

The structure of the tubulin dimer was obtained by electron crystallography of zinc-
induced tubulin sheets stabilized with the anticancer drug Taxol® (paclitaxel) (6–8).
These sheets, discovered in the 1970s (9), are formed by the antiparallel association of
protofilaments. The resulting polymer has no polarity and no overall curvature, so that
it can grow in two-dimensions, making what can be considered a two-dimensional crys-
tal. Addition of Taxol stabilizes the sheets against cold-induced depolymerization and
aging, as it does microtubules. Using cryopreservation, low-dose imaging methods and
image processing, a structural model of the tubulin dimer bound to Taxol was initially
obtained at 3.7 Å resolution and subsequently refined to 3.5 Å (R factor of 23.2 and free
R factor of 29.7). The current model includes residues α:2–34, α:61–439, β:2–437, one
molecule of GTP, one of GDP, and one of Taxol. A ribbon diagram representation of the
dimer structure is shown in Fig. 1.

The α- and β-tubulin monomers are very similar in structure and quite compact. The
secondary and tertiary structures of the α- and β-monomers are essentially identical, as
expected from their identify of >40% over the entire sequence of above 450 amino acids
of the sequence (10). Each monomer, as it is shown in Fig. 2, is formed by three sequen-
tial and functionally distinctive domains. The N-terminal region is a distinctive nucleotide-
binding domain formed by six parallel β-strands (S1–S6) alternating with helices (H1–H6).
Each of the loops (T1–T6) that joins the end of a strand with the beginning of the next helix
is directly involved in interactions with the nucleotide. Within each monomer, nucleotide
binding is completed by interaction with the N-terminal end of the core helix H7. The
core helix connects the nucleotide-binding domain with the smaller, second domain,
which is formed by three helices (H8–H10) and a mixed β-sheet (S7–S10). The C-terminal
region is formed mainly by two antiparallel helices (H11–H12) that cross over the first
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Fig. 1. Ribbon diagram of the tubulin dimer structure. The α-monomer is at the bottom, and 
β-monomer at the top. Atoms in the nucleotides are shown as solid spheres, Taxol is shown in yellow.
The GTP in α is locked in place at the intradimer interface, whereas the E-site nucleotide in β is exposed
at the surface of the dimer but becomes blocked when another dimer binds to the top of this dimer. 
To view this figure in color, see the insert and the companion CD-ROM.

two domains. The loop connecting strand S7 to helix H9 is termed the M-loop and is of
particular importance in forming lateral contacts between tubulin molecules.

Figure 3 shows details of the nucleotide-binding region in α-tubulin. Residues
involved directly in nucleotide binding and hydrolysis are highly conserved between α-
and β-monomers, with some interesting exceptions. Residue α:Ala12 corresponds to
β:Cys12; residue α:Val74 in H2, involved in phosphate binding, is substituted by
β:Thr74; residue α:Phe141, in the glycine-rich T4 loop, is substituted by a β:Leu141.
The sugar-binding T5 loop is very different for α- and β-monomers. Most of these
residues, particularly those in T5, are involved in longitudinal contacts between
monomers, and these differences are probably important for the relative strength and
reversibility of the monomer–monomer and dimer–dimer contacts.

The specificity of tubulin for GTP is obtained by the hydrogen bonding of the 
2-exocyclic amino group in GTP to the hydroxyl groups of Asn206 and Asn228, and
by hydrogen bonding of the 6-oxo group to the amino group of Asn206. Otherwise,
the base sits in a rather hydrophobic pocket defined by Ile16, Val131, Leu227, and
Val231 on one side and Tyr224 on the other. The ribose group interacts with main
chain and side chain groups in the T5 loop, whereas interaction with the phosphates
is dominated by hydrogen bonds with the main chain amines in T1 (the equivalent of
the P-loop in G proteins) and T4 (a glycine-rich segment that is considered the tubulin
signature motif).

The only known structural homolog of tubulin is the bacterial FtsZ (11). FtsZ is a
ubiquitous protein in eubacteria and archaebacteria that is essential for bacterial cell
division. FtsZ localizes at the site of septation during cell division and was identified
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from mutations that interfere with cytokinesis. FtsZ binds and hydrolyzes GTP, forms
in vitro filaments reminiscent of tubulin protofilaments, and has the highest degree of
sequence identity with tubulin. Although this degree of identity is not very high (around
10%), it is highly significant because it includes the glycine-rich, tubulin signature
motif. These similarities led to the proposition that tubulin and FtsZ could be struc-
turally related. This was emphatically demonstrated when the crystal structures of both
proteins were obtained and later compared in detail (6,7,11). Interestingly, it has been
recently discovered that some bacteria also have tubulin genes, the function of which
still remains a mystery (12). It is not known yet if these bacteria also contain FtsZ, and
if so, if these two proteins have related or distinctive functions.

In the refined structure of tubulin a magnesium ion was clearly seen at the N-site, but
not at the E-site where the GTP had been hydrolyzed. The magnesium ion is bound by
salt bridges with two highly conserved residues, Asp69 and Glu71 in the T2 loop. Its
position agrees well with the position of the magnesium ion in the crystal structure of
FtsZ bound to GTP (13), and with its effect in stability of the αβ-tubulin dimer (14).

3. STRUCTURE OF THE DIMER AND THE PROTOFILAMENT

Because the structure of tubulin was obtained from a polymerized form of the protein,
the crystallographic model includes not only the structure of the dimer, as shown in Fig. 1,
but also that of the whole protofilament. A segment of one protofilament is shown in
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Fig. 2. (Opposite page) Secondary structure for α- and β-tubulin indicated on the pig sequences.
Residues conserved between α- and β-tubulins are highlighted in cyan. Residues making direct con-
tact with the nucleotide are boxed. Background colors indicate approximate domain boundaries: yel-
low—N-terminal, nucleotide-binding domain; green—core helix H7; blue—second or intermediate
domain; purple—C-terminal domain. Regions not resolved in the crystal structure, including α35–60
and the C-termini of both monomers, are shown with lighter letters. Residue numbering used here is
based on the alignment shown in this figure. Note that there are thus gaps in the β-sequence at residues
43–44 and 261–268. To view this figure in color, see the insert and the companion CD-ROM.

Fig. 3. Topological structures around the nonexchangeable nucleotide site. Residues of β-tubulin
making principal contacts with the nucleotide are shown, along with the loop and helix segments in
which they are found. The Mg++ ion is shown as the yellow sphere. To view this figure in color, see
the insert and the companion CD-ROM.
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Fig. 4. The position of the two nucleotides in the α- and β-monomers is identical with
respect to the monomer boundaries, but very different with respect to the dimer bound-
aries. The N-site nucleotide in α-tubulin (GTP) is buried at the monomer–monomer
interface within the dimer, explaining the nonexchangeability at that site. On the other
hand, the nucleotide at the E-site is partially exposed on the surface of the dimer,
allowing its exchange with the solution. The longitudinal contacts are very similar
between monomers within the dimer and between dimers. Thus the first consequence of
the polymerization process is the burial of the E-site nucleotide at the newly formed
interface, so that, in the microtubule, this nucleotide becomes nonexchangeable. In both
the intra- and interdimer interfaces the nucleotide is directly involved in the contact
between monomers. Thus, there is a region in the tubulin structure on the opposite side

Fig. 4. Protofilament and interface structures. Two dimers from the crystal structure represent the
protofilament and illustrate burial of the E-site nucleotide within the polymer. Details of nucleotide
contacts from both monomers re shown for the intra- and interdimer interfaces. To view this figure in
color, see the insert and the companion CD-ROM.



from the T1 to T6 loops that is involved in the interaction with the nucleotide in the next
monomer along the protofilament. This region encompasses loop T7 and helix H8, in the
second domain. The T7 loop includes residues that are highly conserved in both tubulin
monomers as well as in the bacterial homolog FtsZ. The region of the intermonomer
interaction around the nucleotides is shown in detail in Fig. 4.

The structural superposition of tubulin and FtsZ shows that the residues conserved
between the two proteins are all localized to sites of interaction with the nucleotide,
including loops T1-T6 and helix H7, as well as T7. This observation led to a model of FtsZ
polymerization in which T7 would contribute to the interaction with the nucleotide in
the adjacent molecule along the filament. Residues Asn249 and Asp251 in T7 are totally
conserved in all α- and β-tubulins and all FtZ proteins (as well as in all γ-tubulins except
that in Saccharomyces cerevisiae). These residues in tubulin are involved in the binding
of the αβ-phosphates of the nucleotide of the next monomer. The interaction with the
nucleotide across the longitudinal interface is completed by Lys254 in β-tubulin (within
the H8 helix), which interacts with the γ-phosphate of the N-site nucleotide, and in
α-tubulin by Glu254, which is in a position that would be close to the γ-phosphate of
the E-site nucleotide (in the crystal structure, this nucleotide is GDP after hydrolysis
during the formation of the sheets) (see Fig. 4). When the equivalent residue in FtsZ,
aspartic acid, is mutated to alanine, the binding of GTP is not affected, but its hydrolysis
is totally abolished (15). Similarly, mutation of Glu254 (or Asp251) to alanine in the
yeast α-tubulin TUB1 is a dominant lethal, and transient expression of the mutant 
α-tubulin results in hyperstable microtubules (16). This effect is easily seen as a conse-
quence of a loss of the ability to hydrolyze GTP. These results strongly support the idea
that this residue is essential for the activation of hydrolysis concomitant to tubulin poly-
merization. The idea that tubulin is its own GTPase-activating protein, based on the
linkage of hydrolysis with polymerization, is confirmed with the identification of an
activating region in the molecule that includes mainly loop T7 and helix H8.

The tubulin structure thus explains how hydrolysis follows polymerization. The
exchangeable nucleotide is bound to β-tubulin but exposed on the plus end of the micro-
tubule. Addition of a new dimer to the end provides the catalytic mechanism to promote
hydrolysis. The lack of hydrolysis at the N-site is related to differences between the
residues that correspond to this catalytic group. Whereas Glu254 in α-tubulin is in an
ideal position to be involved in the hydrolysis of the E-site nucleotide, the opposite
charge of Lys254 in β-tubulin is likely to strengthen the monomer–monomer contacts
through its interaction with the phosphate groups of the N-site nucleotide.

The longitudinal contact between monomers is very extensive. About 3000 Å2 of sur-
face area are buried with the formation of the dimer from the monomers, or in a contact
between dimers. Apart from a very important van der Waals contribution, the character
of the interface is mainly hydrophobic and polar, with minimal electrostatic interac-
tions. The two surfaces involved in the interfaces are convoluted and highly comple-
mentary in shape, testifying to the age of the protein and the optimization of the contacts
over millions of years. The high conservation of the αβ-tubulin sequences across
species has been interpreted as a consequence of the restrictions imposed by tubulin
self-assembly, as mutation of a residue in a surface involved in tubulin–tubulin contacts
could dramatically affect polymerization unless a number of coordinated and compli-
mentary mutations were to occur simultaneously across the interface. About 52% of the
residues in the intradimer interface are totally conserved across species, whereas about
40% are conserved in the interdimer contact (17).
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The larger stretches of absolutely conserved residues cluster in a well-defined area
across the longitudinal interface between tubulin monomers (17). This region corre-
sponds to the T3 loop and the loop and small helix H11′ between H11 and H12, on one
side, and helix H8 on the other. In contrast, residues involved in lateral contacts between
protofilaments cluster in regions of divergence among species and between α- and β-
tubulins. This suggests that differences in dynamic instability observed in microtubules
from different species may result from variations in residues involved in contacts
between protofilaments.

4. MICROTUBULE STRUCTURE

Understanding the interactions between tubulin protofilaments as well as the dimer
orientation within the microtubule was made possible by docking the crystal structure
of the protofilament into a three-dimensional reconstruction of the microtubule obtained
by cryo-electron microscopy (18,19). The more recent reconstruction at 8 Å resolution,
as shown in Figs. 5 and 6, allows for direct visualization of α-helices in the polymer and
very precise positioning of the dimers with respect to each other. The resultant micro-
tubule model, part of which is shown in Fig. 7A, confirms that the plus end of the micro-
tubule is crowned by β-tubulin monomers exposing their nucleotide surface to the
solution, whereas the minus end is crowned by α-monomers exposing their catalytic end.

Fig. 5. Cross-section of the three-dimensional microtubule density map (19). Because of the helical
structure of the microtubule, each monomer is cut through at a different level. Some of the helices are
marked for reference, and noise peaks in the background have been removed for clarity. Open arrow-
heads mark openings in the wall of the microtubule. Most interprotofilament interactions occur
toward the inner part of the wall, as indicated by the filled arrowheads. To view this figure in color,
see the insert and the companion CD-ROM.



This orientation has very important repercussions for the GTP-cap model of micro-
tubule dynamics. As discussed later, a conformational change associated with the GTP-
bound state appears to stabilize the polymerized state. Exposure of GTP at the plus end
ensures that the rate of hydrolysis will be low until addition of a new dimer occurs.
Thus, the end of the microtubule can be capped by molecules that contain GTP and
maintain the integrity of the microtubule. Loss of this GTP cap, which can occur
through GTP-GDP exchange within a dimer at the end, exchange of a GTP-containing
dimer for a GDP-containing one, or hydrolysis from transient docking of a dimer onto
the microtubule end, destabilizes the microtubule and can lead to depolymerization
from the plus end. The ability to switch between stable and unstable microtubule ends
leads to the dynamic behavior that is discussed more fully in Chapter 3.

The model also shows that the C-terminal helices H11 and H12 form the crest of the
protofilaments on the outside surface of the microtubule. The bumpy inside surface of
the microtubule is defined by loops H1-S2, H2-S3, and S9-S10. The latter loop is eight
residues longer in α-tubulin, with the extra residues filling the pocket in α-tubulin that
in β-tubulin forms part of the Taxol-binding site. The lateral contact between protofila-
ments is dominated by the interaction of the M-loop with loop H2-S3 and helix H3. As
seen in Fig. 7A, the connection between protofilaments occurs toward the lumen of the
microtubule, whereas there is a significant space between the protofilaments toward the
outside. The M-loop is in a position where it could act as a hinge, allowing for variation
in the amount of this space and accounting for the observed variability in the number of
protofilament in a microtubule.
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Fig. 6. Surface view of the microtubule density map, seen from the outside with the plus end up.
Densities corresponding to several of the α-helices are marked for reference. To view this figure in
color, see the insert and the companion CD-ROM.



There are small differences in the structure of tubulin in the microtubule with respect
to the zinc sheets. The most prominent of these is the partial loss of structure in helix
H6. This segment is stabilized by interprotofilament interactions in the sheets but may
be mobile, or adopt different conformations in α- and β-tubulin, in the microtubule.
Either way, it appears that the holes in the microtubule wall, seen in Fig. 6, are larger
than they would be if H6 were in the same position as in the crystal structure. These
holes could provide a path for entry of small ligands such as Taxol into the lumen of the
microtubule, where their binding site is located.

5. LATERAL CONTACTS IN ZINC-SHEETS

Lateral contacts between protofilaments in the zinc sheets entail extensive interac-
tions between homologous monomers (α–α, β–β). The tightest part of the interface
involves the interaction of the M-loop in one monomer with helices H12 and H5 in the
adjacent one. An end-on view of the sheet protofilaments is shown in Fig. 7B. Helix
H12 has been identified as a major site for interaction of tubulin with motor proteins
(18,20). The involvement of H12 in lateral interactions in the zinc sheets explains the
poor binding of kinesin-like motors to these polymers, and their destabilizing effect at
high concentrations (21).
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Fig. 7. Protofilament arrangements and contacts in (A) microtubules, (B) the Zn-sheets. In the sheets,
adjacent protofilaments are antiparallel; the yellow protofilaments are seen from the plus end, the blue
one from the minus end. All protofilaments in the microtubule are seen from the plus end. Whereas
the M-loop makes the major contacts from one side of the molecule in both structures, it interacts
mainly with helices H4, H5, and H12 in the sheets and with loop H1-S2 (the N-loop) and helix H3 in
microtubules. To view this figure in color, see the insert and the companion CD-ROM.



The crystallographic model includes a zinc ion at the lateral contact between α-
tubulins. Its location and active, direct participation in lateral interactions strongly sug-
gest that this zinc is at least partially responsible for the generation of the alternative,
antiparallel protofilament–protofilament interaction in zinc-induced polymers. Other
zinc ions could be required for the formation of the sheets, perhaps through their bind-
ing to lower affinity sites.

6. TAXOL-BINDING SITE

The crystal structure of tubulin bound to Taxol provides a good foundation for under-
standing both the binding and function of microtubule-stabilizing drugs. The Taxol mole-
cule is well defined in the crystallographic density map, and the nature of its interactions
with the protein can thus be well understood. The position of Taxol with respect to the pro-
tein surface is shown in Fig. 8A. This view is colored to show the binding site at the inter-
face between the nucleotide-binding and intermediate domains. Interestingly, the densities
for both the 2-phenyl side chain and the N′ phenyl group remained low through the crys-
tallographic refinement, suggesting some degree of mobility of these groups. Whereas
changes in the N′ group produce little effect on the binding and activity of Taxol derivatives,
the 2-phenyl side chain is absolutely required for function (22). It is thus surprising that
this part of the molecule is not more ordered. The crystallographically refined Taxol struc-
ture is in a conformation very similar to that determined independently by energy-based
refinement (23), except for torsional rotations of the side-chain phenyl rings.

A considerable number of residues, mostly in the second domain of β-tubulin, are
involved in direct contact with Taxol (Fig. 8B). In helix H1, Val23 makes hydrophobic
contact with both the N′ and 3′ phenyl rings, whereas Asp26 is in hydrogen bonding dis-
tance from the nitrogen group in the side chain. In the H6-H7 loop, Leu217 and Leu219
make hydrophobic contact with the 2-phenyl ring, which is completed by His 229 and
Leu230 in the core helix (H7). In the same helix Ala233 and Ser236 contact the 3′-phenyl
group. The hydrophobic environment of the 3′-phenyl group is completed by Phe272 at
the end of the B7 strand. The M-loop (the loop between S7 and H9) also plays a substantial
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Fig. 8. The Taxol-binding site. (A) Taxol is shown over the tubulin surface, which is colored to show
the nucleotide-binding domain in green and the intermediate domain in blue. (B) Detail of the taxol-
binding pocket showing residues in closest contact with the drug. To view this figure in color, see the
insert and the companion CD-ROM.



role in the binding of the baccatin ring, in particular residues Pro274, Leu275, Thr276
(which contacts the essential oxetane ring), Ser277, and Arg278. The pocket is completed
by residues in the B9-B10 loop (Pro360, Arg369, Gly370, and Leu371).

A number of other drugs that also stabilize microtubules have been isolated from
diverse natural sources over the last few years. Most of these bind competitively with
Taxol, and several attempts have been made to identify a “common pharmacophore”
that would describe the common properties of their interactions with the protein.
Although it is clear that most of the drugs do bind in the same region as Taxol, they
show a great deal of chemical diversity. Thus it is not too surprising that the first struc-
ture of one of these, epothilone-A, bound to tubulin (24) suggests more of a “distributed
pharmacophore.” In Fig. 9, Taxol and epothilone-A are superimposed in their tubulin-
bound conformations. This comparison makes it clear that these two compounds present
quite different funtionality to the protein. There is an active search for derivatives of
these drugs with enhanced clinical and synthetic properties that also provides signifi-
cant information on their binding modes. Further structural and synthetic chemical work
should generate a fuller understanding of the complex landscape of the Taxol-binding
site and the range of interactions available to drugs that bind in this region.

The mechanism of microtubule stabilization remains somewhat obscure. As pointed
out earlier, Taxol sits adjacent to the M-loop, and one might expect that it serves to
stabilize a particular conformation of the loop that strengthens the interprotofilament
interaction. Figure 10 shows the location of Taxol with respect to the M-loop and inter-
protofilament contacts. In α-tubulin, the conformation of the M-loop is stabilized by the
long S9-S10 loop (see Fig. 1). In the β-monomer a similar stabilizing function may be
played by Taxol and Taxol-like compounds (6,7,23). It has also been suggested that
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Fig. 9. Superposition of Taxol (yellow) and epothilone-A (blue) in the conformations and orientations
in which they bind tubulin. Oxygen atoms are indicated in red, nitrogen in blue, and sulfur in green.
To view this figure in color, see the insert and the companion CD-ROM.



some motion of the intermediate and nucleotide-binding domains with respect to each
other might account for the curvature of protofilaments in the GDP-bound state, and that
Taxol might inhibit such motion (25). The position of the binding site, as well as struc-
tural work discussed later that visualizes such a motion, suggest that Taxol may act as
a key to block this motion and keep the protofilaments in the straight conformation. The
way that epothilone-A binds to tubulin, and presumably other drugs that bind in the
same region, support the idea that a combination of these two effects is likely to account
for the microtubule stabilization.

7. CONFORMATIONAL CHANGES
Tubulin is known to exist in at least two main conformations: straight when bound to

GTP or fixed within the microtubule lattice, and curved when bound to GDP. (see ref.
(30) for a recent description of a third conformational state.) The latter is most obvious
during microtubule depolymerization as protofilaments bend and peel off from micro-
tubule ends. This curved, low energy form of tubulin can also be obtained from GDP-
tubulin dimers that, in the presence of stabilizing divalent cations, form intriguing ring
structures. The rings correspond closely to protofilaments as if they have been curved
radially from the microtubule so that the “bumpy” side of tubulin, which in the micro-
tubule corresponds to the inside surface, faces the outside of the ring (26). In addition,
cellular factors and antimitotic agents that act by depolymerizing microtubules can
induce the formation of rings. A number of studies have used the atomic structure of
tubulin to model the binding and effect of these ligands. In general, tubulin dimers in
the rings appear kinked at both the dimer–dimer interface and, to the same or to a lesser
extent, at the monomer–monomer interface; with each agent giving rise to particular
subtleties in the structures that may reflect their distinctive mechanisms of action.
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Fig. 10. Detail of the interface between protofilaments, as seen from the inside of the microtubule.
Residues of the M-loop on one side make contacts mainly with those in the H1-S2 loop (dark blue)
and helix H3 on the other. A cluster of residues on the H1-S2 loop, shown in purple ball-and-stick
style, varies among tubulin isotypes, possibly contributing to different interprotofilament bond
strength and different dynamics for microtubules formed with different isotypes. To view this figure
in color, see the insert and the companion CD-ROM.



For example, Sackett and coworkers (27) have recently shown that the tubulin-crypto-
phycin 1 ring is formed by eight dimers. Averaging of electron microscopy images of
frozen-hydrated rings and docking of the crystal structure indicated the presence of 13°
intradimer bends and 32° bends between dimers, indicating that the interdimer interface
may be significantly more flexible than the intradimer interface.

More precise information on the conformational flexibility of tubulin has come from
the first X-ray crystal structures of the protein, in complex with either the stathmin
homolog RB3 or RB3 and colchicine (28,29). These results clearly show a rotation of
the intermediate domain with respect to the nucleotide-binding domain in both α- and
β-monomers. This is the type of motion that had been postulated to account for the cur-
vature of protofilaments in the GDP-bound form (25). Recently a similiar, but not iden-
tical, conformation has been described for GDP–tubulin without additional ligands (30). 

8. CONCLUSION

The structure of tubulin and the model for the microtubule explain a number of the
mysteries that have fascinated cell biologists and biophysicists since the discovery of
microtubules. For example, the different nucleotide exchangeabilities between α- and
β-tubulin and the coupling of polymerization and hydrolysis are a direct consequence
of the position of the nucleotides at the intermonomer interfaces. The structure also
provides some important clues about the effect of nucleotide hydrolysis on microtubule
disassembly and gives a basis for understanding the stabilizing effect of Taxol and
related drugs.
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SUMMARY

Numerous peptides bind to tubulin and inhibit the function of microtubules. The
molecular classes discussed in this chapter are dolastatins, cryptophycins, hemiaster-
lins, phomopsin, ustiloxins, diazonamides, tubulysins, and vitilevuamide. These natu-
ral product agents bind to tubulin at a site that is similar but distinct compared with
vinblastine and depolymerize microtubules. Many of these agents are potent inhibitors
of cell division that have been tested in clinical trials as antitumor agents. These agents
are excellent research tools to understand the molecular basis of tubulin function.
Further exploration is needed to define their optimal utility in the clinic.

Key Words: Dolastatins; cryptophycins; hemiasterlins; phomopsin; ustiloxins; dia-
zonamides; tubulysins; vitilevuamide; tubulin; vinblastine; drug binding site.

1. INTRODUCTION

Numerous small molecules bind to tubulin, alter the stability of microtubules, and
inhibit microtubule-mediated cell division (1). These molecules have received tremen-
dous attention as two classes, the vinca alkaloids and particularly the taxanes, have been
broadly used to treat cancer (2). The clinical data suggest that inhibition of microtubule
function by antimitotics has meaningful therapeutic value. However, although effective
in some patients, vinca alkaloids and taxanes are rarely used to cure patients, and resist-
ance either at the onset or during the course of therapy occurs with high frequency.
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This has stimulated an intensive search for new antimicrotubule agents that has
occurred in the last 20 yr (1,3). Indeed, the structural and functional diversity of new
small molecule inhibitors of microtubules is so high that combined with the heterogene-
ity of cancers, more than a decade has been required to even begin to evaluate the utility
of many of these molecules. A most outstanding example is in the area of peptide and dep-
sipeptide inhibitors of microtubules. By definition, these agents contain amide bonds or in
the case of depsipeptides, contain an ester linkage with amide bonds. All of these agents
were initially isolated as natural products. These agents are the subject of this chapter.

Prerequisite to understanding the mechanism of action of peptide-based inhibitors of
microtubules, some basic biochemistry of microtubules must be briefly reviewed (for a
detailed excellent review, see Jordan [1]). Microtubules are highly dynamic polymers
whose essential element is the α-/β-tubulin heterodimer. Under certain conditions, the
dimer binds in a head to tail fashion to form linear protofilaments. About 13 protofila-
ments associate in parallel to a cylindrical axis to form the microtubule of 25 nm dia-
meter and up to micrometers in length. The polymer is initially formed from a short
microtubule nucleus. Thereafter, the microtubule can elongate slowly or shorten in a
rapid fashion; this is done by adding or removing tubulin dimers from the existing poly-
mer, respectively. The transition between these two behaviors is known as dynamic
instability. Although both ends of the microtubule can grow or shorten, the changes in
length at the “plus end” are more dramatic than those at the “minus end.”

The polymerization of tubulin is dependent upon GTP hydrolysis. Both α- and 
β-tubulin bind one molecule of GTP. The GTP bound to α-tubulin, located in the intradimer
region, is nonexchangeable (N-site) and requires harsh conditions (i.e., urea) to extract
it. However, the GTP bound to β-tubulin, located in the interdimer region, is exchange-
able (E-site). Hydrolysis of GTP is required at the E-site for tubulin polymerization.
Upon formation of the protofilament, the E-site becomes N-site and contains GDP. Only
the accessible end of the microtubule, the so-called cap, contains GTP. In the event the
GTP bound cap is lost, rapid depolymerization of the microtubule occurs.

After chromosome replication during cell division, the sister chromatids become
attached to the microtubule and move to the metaphase plate. Subsequently, during
anaphase the sister chromatids move to the opposite poles; this is coordinated with widen-
ing of the distance between the poles. Both events are mediated by the spindle micro-
tubules, which are highly dynamic compared with microtubules in the cytoplasm present
during interphase. All antimicrotubule agents induce a blockage at the G2/M phase of the
cell cycle during the metaphase/anaphase transition by inhibiting the microtubule-
dependent movement of sister chromatids to the opposite pole of the cell as well as inhibit-
ing the lengthening of the interpolar distance. At low stoichiometric ratios compared with
tubulin, all antimitotics act in a similar manner. They inhibit dynamic instability, causing
improper tensioning of the mitotic apparatus and/or insufficient microtubule contraction
required to move the chromosomes to the pole. When the mitotic apparatus is upset, this sig-
nals a cascade of phosphorylation- and caspase-dependent events leading to apoptosis (4,5).

Despite these similar features, different classes of antimitotic agents can be easily dis-
tinguished based on their phenotypic effect on microtubules at high concentrations as well
as by their distinct binding sites within tubulin. The first class of agents, the microtubule
stabilizing agents, increase the polymer mass when present at equal concentrations
compared with tubulin. These agents, which include taxanes, epothilones, discoder-
malide, elutherobins, and laulimalide have been reviewed elsewhere (1,6). In contrast,
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the microtubule destabilizing agents decrease the polymer mass when present at equal con-
centrations compared with tubulin. Three classes of depolymerizing agents have been dis-
tinguished from each other based on binding analysis with purified tubulin. The classes are

1. The vinca alkaloids, or agents that competitively inhibit vinca binding to microtubules; 
2. The colchicine class, or agents that competitively inhibit colchicine binding to tubulin; and 
3. Peptides and depsipeptides. 

All agents in the latter class inhibit the binding of vinca alkaloids to tubulin, but do
so in a noncompetitive manner and contain a peptide-based core structure. A compre-
hensive review of peptide-based inhibitors, including discussion of structure activity
relationships, was published in 2002 (7). This chapter incorporates new knowledge and
focuses on the biological features of peptide-based antimitotic drugs. For detailed
analysis on the structure-activity relationships (SARs) of the peptide-based inhibitors,
the reader is referred elsewhere (7,8).

1.1. Evaluation of Candidate Antimicrotubule Agents
The activity and mechanism of action of peptide-based molecules can be compared

in several ways. From the perspective of activity, the agents are typically evaluated for
effects on

1. Purified tubulin and/or microtubules; 
2. Cell growth in tissue culture; 
3. Human tumor growth in animal models; and 
4. Patients with tumors.

The antitumor activity using models that fail to respond to already approved clinical
antimitotics are a major determinant for stimulating clinical evaluation of novel anti-
mitotics (3). From a mechanistic perspective, agents are evaluated for their ability to

1. Compete with vinca or colchicine binding to tubulin; 
2. Alter tubulin morphology; 
3. Alter GTP exchange;
4. Alter dynamic instability or tubulin polymerization; and 
5. Enhance colchicine interaction with tubulin. 

In a few cases, attempts have been made to define the drug interaction site with tubulin
on a molecular level.

1.1.1. INTERACTION WITH TUBULIN ENRICHED PREPARATIONS

Assays with purified tubulin are useful for determining the type of interaction with
the test agent on a macromolecular and molecular level. On a macromolecular level, all
peptide-based inhibitors reduce the amount of microtubules. They do so by either 

1. Binding and blocking the ability of the dimer to form microtubules; 
2. Inducing depolymerization of an existing microtubule; and/or 
3. Inducing the formation of aberrant microtubules that cannot polymerize to form micro-

tubules. 

The determination of depolymerizing activity of a candidate agent is often assessed
by its ability to block tubulin polymerization. As tubulin polymerization is typically
monitored by an increase in turbidity of the solution, more care must be taken to insure
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that any changes in turbidity actually reflect the formation and /or elongation of micro-
tubules and not the simple aggregation of tubulin that can be induced by high concen-
trations of depolymerizing agents. On a molecular level, the nature of the interaction
with tubulin can be determined. In this assay, if the test agents competitively inhibit the
binding of known agents, the prediction is that both agents bind to the same site within
tubulin. In contrast, noncompetitive inhibitors bind to a distinct site that allosterically
alters the binding of the known agent. There are two other unique features that distinguish
the molecular interaction of most of the peptide-based inhibitors of microtubules. First,
like the vinca alkaloids, most peptidyl inhibitors of microtubules prevent GTP exchange.
This does not occur with paclitaxel but does with drugs that bind the colchicine site in
tubulin (7). Second, they stabilize or enhance colchicine binding to tubulin (7).

1.1.2. EFFECT IN CELLULAR ASSAYS

Cellular assays have been used to examine the effect of the test agent on microtubules
in situ. This can be done using fluorescence methods to evaluate the microtubule struc-
ture (using antibodies to tubulin) and status of the cell cycle (using staining methods for
nuclear material) (i.e., ref. 9). Alternatively, the ability of candidate agents to partition
tubulin into the cytosol vs pellet fraction can be done. In this case, agents that depoly-
merize microtubules shift tubulin into a soluble form that is enriched in the cytosol,
whereas agents that stabilize tubulin cause the opposite effect (i.e., ref. 10). Beyond this,
the ability of a candidate agent to overcome resistance to clinically useful antimitotic
agents is typically evaluated. In this case, investigators have used cells that are resistant
to paclitaxel, docetaxel, or vinca alkaloids This phenotype occurs in cells derived from
patient’s tumors or, more frequently, induced by selecting sensitive cells in tissue culture
for survival in paclitaxel, vinca alkaloids, or other agents (11,12). It is generally assumed
that novel antimitotic agents that overcome resistance to taxanes or vinca alkaloids will
be an advantage in the clinic. However, this assumption must be made with caution for
several reasons. Typically, cells selected for resistance to paclitaxel in the laboratory
overexpress the drug efflux pump P-glycoprotein, have mutations or alteration in the
expression of tubulin isoforms (12), or have altered apoptotic mechanisms (11).
However, the clinical relevance of each of these mechanisms has been clearly established
in only a few tumor types (13,14). Much of the confusion regarding resistance resides
with the fact that even low-level resistance to anticancer drugs may be meaningful as
these agents are typically given to patients at or near the maximum tolerated dose
(MTD). Hence, even a small change in resistance would allow the tumor cells to survive
at the MTD. Beyond this, the ability to detect small changes in resistance markers in a
heterogeneous tumor population is poor. For example, it has been observed that even
relatively small changes in resistance in tissue culture (19-fold resistance to paclitaxel),
can be associated with a complete lack of response to taxanes in animals (15).

1.1.3. EFFECTS IN ANIMAL MODELS

In vivo assays with any novel anticancer agent are almost always required before 
justifying clinical trials in cancer patients. Before the 1980’s, the most commonly used
animal model involved implanting mouse leukemia cells in the peritoneum of mice and
determining if the life-span of these animals was extended when given experimental
agents (16). However, as these models used mouse tumors, and drugs were often injected
intraperitonially (and therefore, could achieve unusually high concentrations in the
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region of the tumor), these assays were not optimal for most purposes. This system has
been replaced with the human tumor xenograft assay (17), which remains the most com-
mon assay used to date. In this case, human tumor cells or tumor fragments are
implanted subcutaneously (into the flanks) in an immunocompromised “nude” mouse.
The tumor-bearing animal is treated with the test agent given, most commonly, by the
intravenous or intraperitoneal route of administration. Those test agents that are tolerated
(i.e., do not cause death or maximum weight loss > 20%) and inhibit tumor growth are
considered of further interest. Indeed, some tumors are highly responsive to vinca alka-
loids or taxanes (18,19) and short courses of therapy dramatically inhibit tumor growth.
If the same robust response occurred with high frequency in humans, or even if in vivo
activity in a particular histological tumor type correlated with activity in the same human
cancer histology (which it usually does not [20]), there would be less urgent need for
new agents. Therefore, new animal models are under development (21). It is important
to recognize that tumors implanted subcutaneously are morphologically different than
those implanted orthotopically (within the same organ from which the tumor was
derived), and the response to candidate antitumor agents in the orthotopic model may
more closely mimic the clinical scenario (22–24). Beyond this, drug exposure in mice is
typically higher than that achieved in humans. A lower response is observed in animal
models when a clinically meaningful drug exposure is achieved (25).

1.1.4. EFFECT IN CLINICAL TRIALS

Novel antimicrotubule agents have been evaluated in cancer patients who typically have
failed existing therapies. Particularly, in trials conducted beyond 1995, the new antimitotic
agents have been tested in patients who had solid tumors that are refractory to taxane-based
therapy. With this background information in place, the biological activity of peptide-based
antimitotic agents can be compared. A broad comparison is summarized in Table 1. A
detailed description of each type of peptide-based drug is described later.

2. DOLASTATIN ANALOGS

2.1. Origin
Dolastatin 10 and 15 were initially isolated from the sea hare Dolabella auricularia

found in the Indian Ocean (26,27) (Fig. 1). Subsequently, other dolastatin analogs were
found that interacted with tubulin, including dolastatin H and isodolastatin H, isolated from
D. auricularia found in the Pacific Ocean (28) as well as malevamide D (29), symplostatin
1 (30) and 3 (31), isolated from marine cyanobacterium Sympolca spp. As symplostatin 1
and 3 as well as dolastatin 10 (32) have been isolated from cyanobacteria and because sea
hares feed on cyanobacteria, all of these compounds may be metabolites derived from
cyanobacteria. The complete synthesis of dolastatin 10 (33) and dolastatin 15 (34) has been
achieved. This has allowed the synthesis of many new dolastatin analogs including the
dolastatin 10 analog, TZT-1027 (also known as auristatin PE and soblidotin) (35–37) and
the dolastatin 15 analogs, LU103793 (cemadotin) (38) and ILX651 (tasidotin) (39,173).
A review of the SAR of dolastatins can be found elsewhere (7).

2.2. Interaction With Tubulin
Dolastatin 10 is one of the most potent dolastatin analogs based on its ability to inter-

act with tubulin and inhibit cell growth. Because other analogs of dolastatin 10, including
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Fig. 1. Chemical structure of dolastatin analogs.

dolastatin 15, symplostatins, TZT-1027 and LU103793 are highly related in structure to
dolastatin 10 (Fig. 1), it is likely that all of them interact with tubulin in a qualitatively
similar manner. Dolastatin 10 (40,41), TZT-1027 (40), and symplostatin 1 (42) are
potent inhibitors of tubulin polymerization in the presence of microtubule-associated
proteins (MAPs) (range 2–3 μM) or absence of MAPs (range 0.6–3 μM) compared with
dolastatin 15 (23 μM) or the dolastatin 15 analog, LU 103793 (range = 1–7 μM)
(38,43,44). Similar to phomopsin A, dolastatin 10 and TZT-1027 inhibit the binding of
vincristine and vinblastine, but not colchicine, to tubulin (41,45). The inhibition of vin-
blastine binding to tubulin is noncompetitive for dolastatin 10 (Ki = 1.4 μM) (41) and
TZT-1027 (40), whereas the inhibition of another peptidyl inhibitor of tubulin, hemi-
asterlin, competitively inhibits dolastatin10 binding to tubulin (41,46). Dolastatin 10
(47) and TZT-1027 (40) have a high affinity single binding site for tubulin (Kd = 26 nM
and 200 nM ). A low affinity site (~10 μM) may also exist for these agents (40), but the



analysis is confounded, at least for dolastatin 10, by the aggregation of tubulin that is
induced at high concentrations of the drug (47). The affinities of dolastatin 15 (Kd = 30
μM) (48) and cemadotin (Kd = 19.4 μM) for tubulin (44) are significantly higher than
dolastatin 10 or TZT-1027. Dolastatin10 binding to tubulin is strongly inhibited by
some peptide-based inhibitors of tubulin such as hemiasterlin (46), cryptophycin (46),
or phomopsin A (49). It is moderately inhibited by the peptide vitilevuamide (50) and
not inhibited by dolastatin 15 or the peptide diazonamide A (49). Consistent with the
inhibition of microtubule assembly, like other peptides, dolastatin 10 and TZT-1027
inhibited tubulin-dependent GTP hydrolysis and nucleotide exchange (40,45). As with
phomopsin A, dolastatin 10 enhanced colchicine binding to tubulin (45).

It has been suggested that dolastatin 10 induces an abortive attempt at microtubule
formation. In particular, 10 μM or higher dolastatin 10 induces the formation of oligomers
of tubulin that in the electron microscope appear as rings, broken rings, and aggregated
protein (29,47). Similar effects are observed with LU103793 (38), hemiasterlin (46),
and cryptophycin 1 (51). The ring diameter induced by dolastatin 10 is estimated to be
approx 45 nM (52).

2.3. Effects on Cells
Dolastatin 10 and TZT-1027 are extremely potent inhibitors of tumor cell growth (35).

For example, in the National Cancer Institute (NCI) cell based screen, the average IC50
value over 60 cell lines is 120 pM (range 1pM–100 nM) for dolastatin 10 (7,35). TZT-1027
is approximately fourfold less potent using the same assay system (35). Similar IC50 val-
ues have been obtained for symplostatin 1 (42). Generally, dolastatin 15 (53) and its
analogs, LU 103973 (38) and symplostatin 3 (31), are 10–100-fold less potent than dolas-
tatin 10. The extraordinary potency for dolastatin 10 is related to its ability to be retained
in cells. Hamel and colleagues found that cells accumulate the same amount of dolastatin
10 or vinblastine after 24 h, despite the fact that cells are incubated in 20-fold less dolas-
tatin (50 pM) compared with vinblastine (1 nM) (54). Vinblastine reaches peak levels rap-
idly (20 min) and then decays rapidly (t1/2 = 10 min), whereas dolastatin 10 reaches peak
levels within 6 h and remains high. This coincides with a very high-affinity for tubulin
compared with vinblastine, although the relative affinity for efflux pumps (e.g., P-glyco-
protein) may also help to explain the relative retention of dolastatin 10. In fact, dolastatin
10 (and symplostatin 1) are substrates for P-glycoprotein based on the crossresistance pro-
file in P-glycoprotein overexpressing cells and verapamil’s ability to reverse the phenotype
(42,55). However, P-glycoprotein-mediated resistance to dolastatin 10 is not as profound
as vinblastine in cells that are moderately or highly resistant to vinblastine (15,55).

2.4. Effect in Tumor Models
The in vivo activity of dolastatin 10 is documented. In human small cell lung cancer

(SCLC) or ovarian carcinoma models, 450 μg/kg dolastatin 10 given intravenously as a
single dose or two doses 10 d apart markedly inhibits tumor formation (56,57).
Dolastatin 15 has weaker activity compared with dolastatin 10 in the ovarian carcinoma
model when given at an equitoxic dose (57). Symplostatin 1, given as a 1–3 mg/kg sin-
gle intravenous dose, is active in murine colon 38 and murine mammary 16C models
(42). It is poorly tolerated and mice are slow to recover from toxicity. However, the com-
pound retains activity with better safety when the dose is divided and given multiple
times (42).
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TZT-1027 is an effective inhibitor of tumor growth in animal models. It is active in
the P388 leukemia and other mouse tumor models (36). TZT-1027 appears to have a
wider therapeutic window (defined as the difference between minimum effective dose
[MED] and MTD) compared with dolastatin 10, as the MED and MTD for TZT-1027
are approx 0. 5 mg/kg and 3 mg/kg, respectively whereas the MED and MTD for dolas-
tatin 10 are 0.125 mg/kg and 0.5 mg/kg, respectively (36,37). In solid tumor models,
potent activity is observed with TZT-1027 in the nude or SCID mice models. It is effec-
tive in a human pancreatic carcinoma (58), Waldenstrom’s macroglobulinemia (59), and
a human diffuse large cell lymphoma (60) models. When given at the MTDs, TZT-1027
has superior efficacy compared with dolastatin 10 in the Waldenstrom’s macroglobu-
linemia and lymphoma models.

Analogs of TZT-1027, auristatin E and monomethylauristatin E, have also been con-
jugated to antibodies. This allows the toxin to be selectively targeted to antigens
expressed on tumor cells. When monomethyl auristatin E is conjugated to an antibody
that recognizes CD 30, which is selectively expressed on lymphomas, it is more effica-
cious than the antibody given alone (61). Analogs of auristatin E conjugated to cBR96
(specific to Lewis Y on carcinomas) are also highly efficacious (62).

The mechanism of action of TZT-1027 in tumors has been explored. The compound
has cytotoxic as well as prominent antivascular effects that are distinct from other antimi-
crotubule agents studied. In particular, Otani et al. (63) found that TZT-1027 causes hem-
orrhaging of the vascular system within an advanced tumor derived from a murine colon
26 adenocarcinoma, followed by a blockage of tumor blood flow. Effects occur within 1
h after treatment, are mainly in the periphery of the tumor, and are tumor-selective.
Consistent with the effects on blood flow, TZT-1027 has a marked effect on cultured
human umbilical vein endothelial cells. The effects are more prominent than with vin-
cristine. Natsume and colleagues (64) report that TZT-1027 causes prominent destruction
of the tumor vasculature in Lewis lung carcinoma cells implanted subcutaneously in
mice and that the expression of genes, including those involved with angiogenesis, are
altered following treatment with TZT-1027. TZT-1027 also retains good activity in early
and late stage tumors derived from a lung cell line that is transfected with a vascular
endothelial growth factor, whereas other antimicrotubule agents such as vincristine or
paclitaxel, or another antivascular/antimicrotubule agent, combrestatin, are not effective
under all conditions. The antivascular effects may help explain why dolastatin 10 is one
of the most effective antitumor agents when combined with a Clostridium novyi, a bac-
teria that propagates in anoxic, avascular areas (65). In this case, the bacteria may be
more effective because the anoxic field (i.e., the periphery) is increased by dolastatin 10.

2.5 Clinical Trials
The following dolastatin analogs have entered into clinical trials as anticancer agents:

dolastatin 10, TZT-1027, LU103793, and ILX651. Two phase I trials with dolastatin 10
were done (66,67). Dolastatin 10 was given intravenously every 21 d as a bolus dose. The
MTD was 300–455 μg/m2; lower tolerated doses were achieved in heavily pretreated
patients. In these studies as well as in the phase II studies, dose-limiting toxicity was gran-
ulocytopenia. In one study, some patients developed new or increased symptoms of mild
peripheral sensory neuropathy (67). Little or no activity was observed with dolastatin 10
when given to patients with a variety of cancers in separate phase II studies (Table 2). Five
different dosing schedules were evaluated in phase I trials with LU103793 (68–71). In the
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Table 2
Phase II Clinical Trial Results With Peptidyl Antimicrotubule Agents

Dose
Tumor type Na (mg/mg2) Scheduleb CRc PRd SDe Reference

Dolastatin 10
Ovarian cancer 28 0.4 q3w 0 0 7 167
Colorectal cancer 14 0.3–0.45 q3w 0 0 4 168
NSCLCf 19 0.4 q3w 0 0 3 169
Melanoma 12 0.4 q3w 0 0 ND 170
Prostate cancer 16 0.4–0.45 q3w 0 0 3 171

LU103793 
Breast cancer 34 2.5 qd × 5 0 0 7 72

every 3 wk
Melanoma 80 2.5 qd × 5 1 3 15 73

every 3 wk
ILX651

Melanoma – – qd × 5 – – – In progress
every 3 wk

Cryptophycin 52
NSCLC 26 1.5 qw × 2 0 0 10 108

every 3 wk
HTI-286

NSCLC – 1.5 q3w – – – In progress
aN, number of patients.
bq3w, once every 3 wk; qd × 5 every 3 wk = every day for 5 d with 3 wk cycle; qw × 2 every 3 wk =
days 1 and 8 every 3 wk.

cCR, complete response.
dPR, partial response.
eSD, stable disease.
fNSCLC, nonsmall cell lung cancer.

first studies, where 2.5–10 mg/m2 LU103793 was given as a 5-min IV infusion repeated
every 3 wk or weekly for 4 wk (68), cardiovascular toxicity (mainly severe hypertension)
was found. This was predicted by the preclinical safety studies done in rats and dogs.
Dose-limiting hypertension also occurred when 10–27.5 mg/m2 LU103793 was given as
a 24 h infusion every 3 wk (69). However, hypertension was substantially reduced if
2.5–17.5 mg/m2 was given as a 5 d continuous infusion (70), 2.5–10 mg/m2 was given as
a 24 h infusion every week (68) or 0.5–3 mg/m2 was given as a 5 min infusion daily on
days 1–5 every 3 wk (71). In the latter schedules, neutropenia, peripheral edema, and liver
function test abnormalities were dose-limiting (68,70,71).

Phase II clinical trials with LU103793 were conducted in advanced breast cancer and
melanomas (72,73) where 2.5 mg/m2 LU 103793 was given over 5 min for 5 consecu-
tive days every 3 wk. Minimal antitumor activity was observed (Table 2).

TZT-1027 has been evaluated in Phase I trials on 3 schedules by a 1 h intravenous
administration: days 1 and 8 every 3 wk (74), day 1 every 3 wk (75), and days 1, 8, and
15 every 3 wk (76). Dose limiting toxicity was observed at approx 2–3 mg/m2 and was
associated with neutropenia and other symptoms. A few partial responses and stable 
diseases have been observed in these trials. The recommended dose for further studies is 



2.4 mg/m2 given days 1 and 8 every 3 wk, 2.7 mg/m2 given once every 3 wk, and 1.8 mg/m2

in a weekly × 3 regimen.
ILX651 (tasidotin) is a synthetic analog of dolastatin 15 that has broad-spectrum

antitumor activity in tumor xenograft models (39). Unlike LU103793, ILX651 does
not have cardiotoxicity at myleosuppressive doses in animals. ILX651 is being evalu-
ated in Phase I trials on 3 schedules by IV administration: days 1, 8, and 15 every 4 wk
(39), every other day for 3 d every 3 wk (77), and daily administration for 5 d every 3 wk
(78). Dose limiting toxicity occurred at 62, 46, and 36 mg/m2/d in each of these trials,
respectively, and was associated with myelosuppression. Unlike LU103793, no major
cardiovascular toxicity has been reported in all trials. Approximately, 25% stable dis-
ease has been reported for the last 2 trials as well as one partial response in the second
trial, and one complete response in the third trial. A phase II trial in melanoma was
initiated in October 2003.

3. CRYPTOPHYCINS

3.1. Origin
One of the first cryptophycins (cryptophycin A, also known as cryptophycin 1) was

isolated from the terrestrial cyanobacteria Nostoc spp. (strain 53789) by investigators at
Merck (79). It was originally found to be active against fungi, including strains of
Cryptoccoccus (Fig. 2). It was subsequently found in another strain of Nostoc spp.
(strain GSV 224) and the relative and absolute stereochemistry of cryptophycin 1 and
six other analogs (cryptophycin B–G) were reported (80). Half-way around the world,
Kobayashi and colleagues (81,82) reported almost simultaneously the discovery and
absolute stereostructure of a potent cryptophycin analog designated arenastatin A,
which was isolated from the Okinawan marine sponge Dysidea arenaria (Fig. 2). In
a short period of time, more than 18 new cryptophycin analogs were reported (83) and
a numbering system replaced the alphabetic designation of cryptophycin analogs.
Subsequently, Lilly has evaluated more than 450 cryptophycin analogs (84). The total
synthesis of cryptophycins has been achieved (85,86). The most intensively studied
cryptophycins to date are cryptophycin 1, cryptophycin-24 (arenastatin A), and crypto-
phycin 52 (LY355703). Cryptophycin 52 was designed to reduce the susceptibility of
cryptophycin 1 to hydrolysis (83). For further details on analogs of cryptophycins and
structure activity relationships, the reader is referred elsewhere (83,87,88).
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3.2. Interaction With Tubulin
Cryptophycin 1 (89–92) and cryptophycin 52 (93–95) interact directly with tubulin.

These cryptophycins inhibit tubulin polymerization (cryptophycin-1:IC50 ≈ 1–5 μM
(89,90,96); cryptophycin 52:IC50 ≈ 1–3 μM. (94,95). They block the binding of vinblas-
tine to tubulin (89–93). In contrast, cryptophycin stabilizes the binding of colchicine to
tubulin (90). The interaction of cryptophycin 1 with vinblastine binding is noncompetitive
(Ki = 3.9 μM), although it is a competitive inhibitor of dolastatin 10 binding (Ki = 2.1 μM)
to tubulin (90). Cryptophycin 52 also binds to tubulin (Kd = 3 μM) (93,95) although the
type of inhibition of cryptophycin 52 with vinblastine could not be determined (93). Like
other peptidyl inhibitors, cryptophycin-1 blocks the hydrolysis of GTP by isolated tubu-
lin (96). However, it did not block the binding of colchicine to tubulin (96).

The interaction of cryptophycin 1 with tubulin was originally suggested to be irre-
versible as the inhibitory effect of >0.5 μM on tubulin polymerization was sustained after
the compound was removed (96). However, as 25 nM cryptophycin 1 inhibits micro-
tubule dynamicity by 50% (without a change in the polymer mass) (94), this substoichio-
metric amount of cryptophycin compared with tubulin suggests that it binds reversibly
and with high affinity to the ends of microtubules (Kd = 47 nM) (94,97). Panda reported
that cryptophycin 52 binding to microtubules is also poorly reversible, but the binding is
not covalent as the complex is denatured with urea or by boiling (93).

Cryptophycin 1 causes aberrant assembly of tubulin that can be detected by gel
filtration (89,90), electron microscopy (89,90,96), fluorescence correlation spec-
troscopy (52), but not by turbidity (90,96). In the electron microscope, cryptophycin 1
induces the formation of ring-like aggregates (89,90,96) that are distinct from the spiral-
shaped aggregates or twisted ribbons induced by vinblastine (98) and colchicine (99),
respectively. The ring has a diameter of approx 24 nm and a mass of approx 0.80 Mda,
indicating that the ring is made up of eight αβ dimers (51). This is distinct from rings
induced by dolastatin 10 or hemiasterlin that are made up of 13–14 heterodimers and
are approx 44 nm in diameter (52). The ring is formed by both a bend in the intradimer
contact as well as the interdimer contact (51). Consistent with the sustained effects
described earlier, the rings are very stable compared with dolastatin 10 (intermediate)
and hemiasterlin (low) (52). Cryptophycin 52 also induces the self-association of tubu-
lin in nine-dimer single rings that has been suggested to be formed from peeling off of
protofilaments within the microtubule and from soluble tubulin (95).

3.3. Effect on Cells
Cryptophycin 1 and arenastatin A are the most potent peptide-like antimitotic agent

inhibitors of tumor cell growth known (IC50 = 0.02 nM) (91). Cryptophycin 52 also
potently inhibits growth in most cell lines (IC50 = 11–37 nM) (84,94), with the excep-
tion of MDA-MB-231 (IC50= 232 nM) (84), THP-1 (IC50 = 148 nM) (100) and H-125
cells (IC50 = 2.96 μM) (100). Treatment of cells with relatively high concentrations of
cryptophycin 1 or 52 results in depletion of cellular microtubules (91,94). However,
when used at or near the IC50 needed to inhibit cell growth, no marked change in the
mass of microtubules is found although G2/M arrest and induction of apoptosis occur
(84,94,101,102). Unlike vinblastine, which induces reversible effect on microtubules in
cells, the effects of cryptophycins persist for many hours (91). The potency of cryptophycin
1 and 52 are minimally decreased compared with paclitaxel or vinca alkaloids in cells
that had high level expression of P-glycoprotein or MRP-1 (84,91).
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3.4. Effect in Tumors
Approximately 10–30 mg/kg cryptophycin 1 administered intravenously on every

day or every other day for 5–8 cycles inhibit tumor growth 75–100% in a variety of
mouse and human tumor models (80,83,103). No significant weight loss is noted. Five
mg/kg cryptophycin 52 administered IV on alternate days for 5 or 6 cycles produce
tumor growth delays (~5–15 d) in the human MX-1 breast carcinoma, SW-2 SCLC,
H82 SCLC, and Calu-6 nonsmall cell lung cancer (NSCLC) xenograft mouse models
(104). Cryptophycin 52 (0.3 mg/kg IV given on days 7, 9, and 11) is also efficacious in
rats bearing the 13762 mammary carcinoma (104). Additive and supra-additive effects
are noted in human tumor xenograft models when cryptophycin 52 is given with a vari-
ety of cytotoxic anticancer agents or radiation (104,105). It is obvious that the extraor-
dinary potency of cryptophycin 1 in tissue culture systems does not translate into high
potency in vivo. This suggests that the molecule may be unstable, highly bound to
plasma protein, or highly metabolized.

3.5. Clinical Trials
Phase I clinical trials with cryptophycin 52 have been reported (106,107). The drug

was formulated in a cremophor-containing vehicle (presumably because of limited solu-
bility of the agent) and therefore, patients were treated prophylactically to avoid hyper-
sensitizing reactions (HSRs) that have been observed with other anticancer agents
formulated in cremophor (i.e., taxanes [2]). The agent was given as a 2 h infusion on 
either day 1 (106), days 1 and 8 (107), or days 1, 8, and 15 (106) on a 3–4 wk cycle. In
the single dose schedule, dose limiting toxicity occurred at 1.7 mg/m2 cryptophycin 52 or
higher and was associated with grade 3 peripheral neuropathy and myalgia (106). Grade
3 cardiac arrhythmia, due to bradycardia (14% of all patients) and grade 2 hypertension
associated with HSRs, was reported. Dose-limiting neurological toxicity was also
observed in patients given a weekly schedule of 1.1–1.84 mg/m2 cryptophycin 52
(106,107). Some evidence of antitumor activity was noted in these preliminary trials. In
one trial, one patient (4%) had a partial response and 5 had stable disease (20%) (107).
In the trial run by Sessa, only one objective response was observed and 31% had stable
disease (106). One Phase II trial has been reported with cryptophycin 52 given as 1.5
mg/m2 on days 1 and 8 every 3 wk in patients with refractory advanced NSCLC (108)
(Table 2). Of the 26 patients, no objective response was seen, although 40% had evidence
of disease stabilization. Neurological toxicity in the form of peripheral neuropathy and
constipation required that the dose be reduced to 1.125 mg/m2 in many patients.

4. HEMIASTERLINS

4.1. Origin
Hemiastelin is a tripeptide made up of trimethyltryptophan, tert-leucine, and 

N-methyl homo vinylogous valine. Hemiasterlins and the related milnamides have been
isolated from several marine sponges (Fig. 3). Hemiasterlins have been independently
isolated from Hemiasterella minor found in South Africa (109) as well as Cymbastela
spp. (110), Auletta spp. and Siphonochalina spp. all collected in Papua New Guinea
(111). The original material, hemiasterlin and hemiasterlin A, B, (110) and C (111) have
been identified. Milnamide A and D, isolated from Milne Bay, Papua New Guinea, have
been isolated from Auletta cf. constricta and Cymbastela spp. (112,113). Criamides A
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and B, which are tetrapeptides closely related to milnamides and hemiasterlins (110) as
well as the four residue cyclic depsipeptides geodiamolides (109,110,113–115) and 
jaspamide (jasplakinolide) (113) have also been isolated from some of the same sponges.
Jaspamide (112,116–118), geodiamolides A–F and TA (114), criamide B (110), milnamide
D (113), and hemiasterlins (110,111) are potent inhibitors of tumor cell growth in 
tissue culture. Jaspamide and the closely related chondramides interact with actin and
will not be discussed further (118,119).

Both the hemiasterlins and milnamides inhibit microtubule assembly from purified
tubulin, but the hemiasterlins are 1–2-orders of magnitude more potent compared with
the milnamides in cellular cytotoxicity assays (113). These facts, combined with the ini-
tial in vivo activity of hemiasterlins and criamides (110) prompted the need for more
substantial amounts of these natural products. Andersen and colleagues (120) solved the
problem and were the first to develop a total synthesis of hemiasterlin. Other routes for
the partial (121) or complete (122) synthesis of hemiasterlin have also been reported.

Andersen’s (123) and Zask’s laboratories (124) have synthesized numerous analogs
of hemiasterlin. It has significantly improved the understanding of hemiasterlin SAR
and is reviewed elsewhere (8). One of the hemiasterlin analogs synthesized by Andersen
was designated SPA-110. This analog was provided to Wyeth for additional testing. It
was found to have an excellent profile in both cellular and animal assays (15). This com-
pound is being developed at Wyeth as an anticancer agent and is designated HTI-286
(hemiasterlin tubulin inhibitor also known as taltobulin).
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Fig. 3. Chemical structure of hemiasterlin analogs.



4.2. Interaction With Tubulin
Consistent with the initial report that hemiasterlin depolymerizes microtubules in

cells (125), Hamel’s laboratory found that hemiasterlin inhibits tubulin assembly (IC50
= 0.98 μM), is a noncompetitive and competitive inhibitor of vinblastine and dolastatin
10 binding to tubulin, respectively (Ki = 7 μM and 2 μM), stabilizes colchicine binding
to tubulin, and interferes with GTP exchange on tubulin (46). Based on these and other
data, hemiasterlin, like other peptidyl antimicrotubule drugs, is suggested to bind at the
Vinca-peptide domain on β-tubulin (46).

Hemiasterlin, when present at or above stoichiometric concentrations compared with
tubulin, induces tubulin oligomers with ring-like structures (46,52). Unlike dolastatin-
10, but similar to cryptophicin-1, the formation of the oligomer is not correlated with
an increase in turbidity development. Further analysis indicates that the single-walled
ring induced by hemiasterlin is similar to that induced by dolastatin 10 (44.6 nm in
diameter) and larger than that induced by cryptophycin-1 (24 nm in diameter) (52).
Beyond this, the rings induced by hemiasterlin have the least stability compared with
those formed with cryptophycin-1 or dolastatin-10.

The hemiasterlin analog, HTI-286 has similar properties compared with hemiaster-
lin. It is a potent inhibitor of tubulin assembly (IC50 ≈ 1 μM) (15) and like hemiasterlin,
induces depolymerization of preassembled microtubules (126). Using fluorescence
methods, HTI-286 has high affinity to tubulin (Kd ~ 100 nM) that is similar to hemiaster-
lin (126). HTI-286 induces the aggregation of tubulin corresponding to a ring structure
consisting of 13 tubulin dimers (126), which is very close to that observed for dolastatin
10 (52). However, the oligomers induced by HTI-286 are less stable than those induced
with hemiasterlin when analyzed by size-exclusion chromatography (126).

Recently, two photoaffinity probe analogs of HTI-286 have been synthesized and
their interaction with tubulin has been studied (127,128). Both photoaffinity probes
label tubulin. Photolabeling is inhibited by dolastatin-10 and vinblastine but is either
unaffected or enhanced by paclitaxel or colchicine. These data are consistent with the
idea that the vinblastine /peptide binding site is distinct from the colchicine and taxane
binding domains in tubulin. However, unlike the model that places the peptide binding
site in β-tubulin and overlaps the vinblastine binding site (45), both photoaffinity probes
crosslink predominately, if not exclusively, within α-tubulin. The labeling domain for
one probe has been localized to residues 314–339 and corresponds to loop 8/helix 10 of
α-tubulin (129). Based on electron micrographic crystal structure of zinc induced tubu-
lin sheets (130), this region is known to have longitudinal interactions with β-tubulin
across the interdimer interface as well as lateral interactions with adjacent protofila-
ments. In particular, helix H10 of α-tubulin interacts across the interdimer interface
with H6 and H6-7 of β-tubulin. As helix H6 of β-tubulin contains a vinblastine pho-
toaffinity labeling domain localized to residues 175–213 of β-tubulin (131), a new
model of the hemiasterlin and vinblastine binding sites has been proposed (Fig. 4). The
close proximity of the vinblastine and hemiasterlin labeling sites would help explain 1)
the noncompetitive interaction of these two molecules with tubulin, 2) why vinblastine
and peptidyl antimitotic drugs influence GTP exchange (which is in contact with the N-
terminus of helix H6 in β-tubulin), and 3) how peptides of similar but distinct structure
alter the degree of interdimer bend (51) and thereby influence the size of rings induced
by peptides (52). Further identification of the labeling domain within α-tubulin of the
second probe should help refine the model. So far, the crosslinking domain has been
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mapped to residues 204–280 of α-tubulin and is therefore distinct from, but possibly
close to, the contact site by the first photoaffinity probe (128).

Residues 314–339 of α- tubulin are located in almost exactly the same location as
residues 321–339 (132) or 303–335 (133), which crosslink with the N-terminus of stath-
min. This is intriguing as stathmin/OP18 (134) is a highly conserved 149 amino acid
cytosolic phosphoprotein that directly interacts with tubulin, induces depolymerization
of microtubules in vitro and in intact cells, and can be crosslinked primarily to α-tubulin
(135). Although most of the molecule binds along the entire longitudinal length of the
2-β dimer based on cocrystallization experiments (136), the N-terminus of the molecule
(which was not visualized in the crystal) is believed to bind to the cap located on
the plus-end of the microtubule and stimulate microtubule plus-end catastrophe (137).
These findings raise the possibility that hemiasterlin, and perhaps the peptidyl antimi-
totic agents in general, bind the stathmin binding site in tubulin and thereby induce
microtubule shortening and depolymerization.
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Fig. 4. Model of the HTI-286 and vinblastine photolabeling domains in tubulin. Peptide mapping was
used to localize the region in contact with HTI-286 photoprobe 1 (green) and a vinblastine photoaffin-
ity probe (yellow) sites. The binding sites for taxol (located in β-tubulin) exchangeable GDP (in 
β-tubulin) and nonexchangeable GTP (in α-tubulin) using the ball and stick model are shown.
Structural model for tubulin was taken from PDB accession code 1JFF. From ref. 129. To view this
figure in color, see the insert and the companion CD-ROM.



4.3. Effect on Cells
Roberge’s laboratory was the first to demonstrate that hemiasterlin and hemiasterlin

A induce mitotic arrest in cultured cell lines, abnormal spindle formation, and micro-
tubule depolymerization (125). Hemiasterlin causes abnormal spindle formation (at low
concentrations) and microtubule depolymerization (at high concentrations) as detected
by immunofluoresence microscopy. Consistent with tubulin being the primary target of
hemiasterlin, tubulin is the only specifically labeled protein detected when whole cells
or a crude cytosolic extract is incubated with an HTI-286 photoaffinity probe (138).

Hemiasterlins potently inhibit the proliferation of cultured tumor cells. In general,
the reported IC50 of hemiasterlin, hemiasterlin A, B, and C for growth inhibition of var-
ious tumor cell lines ranges from approx 0.3–20 nM (110,111,125). The synthetic hemi-
asterlin analog, HTI-286, inhibits the growth of human tumor cell lines with IC50’s from
0.2 to 7 nM (mean = 2.5 nM ± 2.1 in 18 cell lines) (15). Among natural and synthetic
hemiasterlin analogs, there is a direct correlation of cytotoxicity with antimitotic activ-
ity (123), supporting the observation that the primary cellular effects of hemiasterlins
are due to mitotic arrest. Cell-cycle analyses confirms that HTI-286 also causes mitotic
arrest after 24 h exposure to low nanomolar concentrations of drug and causes apopto-
sis after prolonged exposure (15).

HTI-286 was selected for further development as it was consistently efficacious in
cell lines that were resistant to microtubule-stabilizing agents or vinca alkaloids.
Resistance to taxanes was associated with overexpression of the drug transporter 
P-glycoprotein (MDR1/ABCB1) (15) or mutations in tubulin (Loganzo, personal obser-
vation). HTI-286 also effectively inhibits the growth of cells that overexpress the drug
transporters MRP1 (ABCC1) and MXR (ABCG2) (15), which are also implicated in
resistance to various chemotherapeutic agents (14).

To better understand the frequency and potential mechanisms of resistance to HTI-
286, tumor cell lines have been selected for resistance to HTI-286 by chronic exposure
to the drug. KB-3-1 epidermoid carcinoma cells and 1A9 ovarian carcinoma cells
develop 4–23-fold resistance to HTI-286 (9,139) as well as resistance to most of the
antimitotic agents that bind to the vinca or vinca-peptide domain. No significant
resistance is observed to colchicine (although the 1A9-selected cells are resistant to
podophyllotoxin). Although no resistance to polymerizing agents is observed in the
KB-HTI-resistant cells, 1A9-HTI-resistant cells have approx 5–10-fold sensitivity to
these agents. The mechanistic basis of resistance in the two cell lines is complex. In a
series of independently selected 1A9-selected cells, the microtubules are more stable
and associated with point mutations in β-tubulin (S172A) or α-tubulin (I384V or
S165P and R221H). In contrast, in the KB-HTI-resistant cells, a point mutation was
found in α-tubulin (A12S). The position of the point mutations in tubulin may have a
common theme. Serine β172 and alanine α12 contact the E-site and N-site GTP bind-
ing site in α- and β-tubulin, respectively. It is speculated that alterations in serine α 165
and arginine α 221 may indirectly influence GTP hydrolysis and interdimer interac-
tion, respectively.

Other phenotypic changes are detected in KB-HTI-resistant cells. Before the selection
step where a mutation in tubulin is found, ATP-dependent low cellular accumulation of
HTI-286 is noted. This effect, which is lost in the revertant cell line, suggests that an
ABC-transporter is overexpressed in these cells (14). However, previous transporters 
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associated with resistance to chemotherapeutic drugs (i.e., MDR1, MRP1, MRP3, or
MXR) (14,140) have been ruled out.

4.4. Effect in Tumors
Hemiasterlin was originally reported to improve the survival of mice implanted with

murine P388 tumor cells (110). Additional animal studies were conducted at Wyeth
when synthetic HTI-286 became available. HTI-286, given intravenously, inhibits the
growth of subcutaneously implanted tumors derived from human melanoma, colon,
breast, and prostate carcinoma (Table 3) (15). The minimally effective dose of HTI-
286 needed to inhibit growth of tumors that lack P-glycoprotein expression is approx
0.2–0.5 mg/kg when administered intravenously on days 1, 5, and 9 (15). HTI-286 is
also effective when administered on multiple frequent (daily or every other day) or
intermittent (weekly, every other week) cycles. Consistent with its ability to kill tumor
cells that overexpress P-glycoprotein in tissue culture, HTI-286 also inhibits the growth
of tumors in animals that overexpress P-glycoprotein and are insensitive to paclitaxel
and vincristine (Table 3) (15). As P-glycoprotein is expressed at high levels at the lumi-
nal face of cells that line the gut wall, paclitaxel is not orally bioavailable, and exposure
to oral paclitaxel can be enhanced by coadministration with a P-glycoprotein inhibitor
or in MDR knockout animals (140). In contrast, it is not surprising that oral administra-
tion of HTI-286 to athymic mice inhibits tumor growth (15). As HTI-286 is highly sol-
uble in saline, the drug can be administered to animals and patients without solubilizing
agents such as Cremophor or polysorbate-80, which are commonly used for taxanes as
well as cryptophycin 52. This appears to be a benefit as no HSRs have been observed
in patients given HTI-286.

4.5. Clinical Trials
HTI-286 is the first hemiasterlin analog to be evaluated in humans as an anticancer

agent. A phase I trial in patients with advanced malignant solid tumors was initiated in
early 2002 to identify the dose-limiting toxicities and maximally tolerated dose of HTI-
286 (141). Initially, 35 patients were enrolled and evaluated. The drug was administered
intravenously in saline for 30 min once in every 3 wk at doses ranging from 0.06 to 2
mg/m2. Toxicities were neutropenia, nausea/emesis, alopecia, and pain. Dose-limiting
toxicities were limb and chest pain, hypertension, and neutropenia. The dose selected
for the phase II efficacy study was 1.5 mg/m2. Patients are currently being evaluated in
a phase II single-agent trial of HTI-286 (Table 2). Additional clinical trials with HTI-
286, both as monotherapy as well as in combination with other standard-of-care agents,
are in progress or planned.

5. PHOMOPSIN AND USTILOXINS

5.1. Origin
The cyclic hexapeptide, phomopsin A was isolated from the lupin seed or maize

infected with the fungus Phomopsin leptostromiformis (Fig. 5) (142). In animals it
induced a fatal liver disorder (143) similar to those animals that ingest the infected
herb and developed lupin poisoning (lupinosis). The purified material was then shown
to induce mitotic arrest in cells (144). The structure of phomopsin A as well as another
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Table 3
Effects of HTI-286, Paclitaxel, and Vincristine on the Growth of Human Tumor Xenografts 

in Athymic Mice

T/C (%)a

Tumor type N Day 7 Day 14 Day 21

Tumors with little or no detectable levels of P-glycoprotein expression
LOX melanoma
HTI-286 5 17 ± 1 3 ± 1 –
Paclitaxel 2 12 ± 4 3 ± 2 –
Vincristine 4 17 ± 6 6 ± 2 –

KB-3-1 epidermoid cancer
HTI-286* 2 6 ± 5 3 ± 1 20 ± 3
Paclitaxel 1 12 5 5
Vincristine 1 11 9 9

LOVO colon cancer
HTI-286 1 88 35 20
Paclitaxel 1 17 6 8
Vincristine 3 34 ± 8 37 ± 15 45 ± 15

MCF-7 breast cancer
HTI-286 1 15 6 27
Paclitaxel 1 41 3 0
Vincristine 2 33 16 14

Tumors with low to high levels of p-glycoprotein expression
KB-8-5 epidermoid cancerb

HTI-286 3 21 ± 4 9 ± 4 47c

Paclitaxel 2 72 ± 9 77 ± 10 109c

Vincristine 2 88 ± 16 84 ± 1 81c

SW-620-W colon cancerb

HTI-286 5 19 ± 4 9 ± 4 1c

Paclitaxel 3 60 ± 10 73 ± 5 55c

Vincristine 3 81 ± 6 63 ± 3 59 ± 3
DLD-1 colon cancerb

HTI-286 4 37 ± 8 37 ± 8 54 ± 12
Paclitaxel 2 71 ± 1.5 73 ± 21 101 ± 4
Vincristine 2 123 ± 10 125 ± 6 153 ± 24

HCT-15 colon cancerb

HTI-286 4 39 ± 12 35± 9 38 ± 7
Paclitaxel 3 103 ± 8 93 ± 11 109 ± 7
Vincristine 3 61 ± 26 55 ± 14 59c

aTumor cells were implanted into the flanks of nude mice. T/C, percentange of tumor size in treat-
ment group vs control on days 7, 14, and 21 after drug dosing. Values shown are mean ± standard errors
(where available). N = number of independent experiments. HTI-286 was given at 1.5 mg/kg IV or 2
mg/kg IV (indicated by *), except LOX given at 1.0 mg/kg. Paclitaxel was given at 60 mg/kg IV.
Vincristine was given at 0.8–1 mg/kg IP. All drugs were given on day 1, 5, and 9 to tumors that had an
established size of approx 100 mg.

bThe level of P-glycoprotein expression in SW-620-W (previously reported as MX1W), KB-8-5,
DLD-1, and HCT-15 were approximately +, ++, +++, and ++++, respectively; further details can be found
in Sampath et al. (172).

cControl tumor grew too large at this time-point in one experiment in this group and no standard error
could be computed.



isolated variant without a halogen at C-14, phomopsin B was solved by Culvenor and
colleagues (145). The ustiloxins A–D and F were isolated from rice infected with the
fungus Ustilaginoidea virens (146,147) (Fig. 5). These agents also cause a disease sim-
ilar to lupinosis when given to mice (148). Ustiloxins share a highly related core group
with phomopsins. Total synthesis of ustiloxin D has been recently achieved (149,150).

5.2. Effect in Biological Assays
Phomopsin A and ustiloxins A and B inhibit polymerization of microtubules and

depolymerized existing microtubules derived from purified tubulin (144,151). These
particular analogs are potent and effects are achieved at substoichiometric concentra-
tions that are 5–10-fold less than the concentration of tubulin in the reaction. Phomopsin
A appears to bind to a distinct site within tubulin that either overlaps with the vinca
alkaloids binding site or a distant site that has an allosteric effect on the vinca alkaloid
binding site. Consistent with this:

1. Phomopsin A inhibits the binding of vinca alkaloids (41,152) in a noncompetitive 
(Ki = 2.8 μM, respectively) (41),
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Fig. 5. Chemical structure of phomopsin A and ustiloxin A–D and F.



2. Like vinca alkaloids and dolastatin10, phomopsin A stabilizes the ability of tubulin to
bind colchicine (45,152), and 

3. Like dolastatin 10 (and less so, vinblastine), phomopsin A inhibits tubulin-dependent
GTP hydrolysis and nucleotide exchange (45). 

Ustiloxins are likely to behave in a similar fashion compared with phomopsin, but
have not been well-studied (151). Despite the potency in a cell-free system, the pho-
mopsins and ustiloxins are relatively nonpotent cytotoxic agents (IC50’s typically in the
1–10 μM range) usually requiring 1000-fold higher concentrations (or more) to kill cells
compared with other dolastatin, hemiasterlin, paclitaxel, or vinblastine (41,146,151).
The basis for the effect is unknown, but may be because of the inability of the drug to
penetrate the cell membrane or attributed to metabolism of the agent. Paradoxically, the
minimum lethal dose for sheep is extremely low, approx 10 μg/kg, when given subcu-
taneously, and is inconsistent with the tumor cell data (143).

6. DIAZONAMIDES

6.1. Origin
Diazonamide A and B were originally isolated from the ascidian Diazona angulata

(initially incorrectly identified as Diazona chinensis) collected from the ceilings of
small caves located along the northwest coast of Siquijor Island, Philippines (153). The
structure of these two agents was initially identified by Lindquist (153), based on chem-
ical modification of the isolated natural product, and subsequently revised (154,155)
(Fig. 6). Complete chemical synthesis of the diazonamide A has been achieved by two
laboratories (155–157), although many laboratories have achieved complete synthesis
of the incorrectly identified structure (for review, see Ritter and Carreira [158]).

6.2. Interaction With Tubulin
Diazonamide A is a potent inhibitor of MAP-induced or glutamate-induced polymer-

ization of tubulin (IC50 = 1–2 μM) (49). These values are approx twofold higher than
that obtained with dolastatin 10. Diazonamide A also inhibits GTP hydrolysis. However,
unlike dolastatin 10, dolastatin 15, hemiasterlins, or cryptophycins, diazonamide A does
not inhibit vinblastine or GTP binding to tubulin. It also does inhibit the binding of
dolastatin 10 to tubulin or stabilize colchicine binding to tubulin. These data suggest
that this agent binds to a unique site in tubulin.

6.3. Effect on Cells
Diazonamide A is a potent inhibitor of cell tumor cell growth in vitro. The mean IC50

with 60 cell lines is approx 5 nM (49). A primary target of diazonamide is likely to be
the microtubule as it arrests cells in the G2/M phase of the cell cycle and induces loss
of microtubules in cells when given at or above the IC50 needed to inhibit cell growth
(49). Diazonamide B is less cytotoxic than diazonamide A (153). The activity of diazon-
amide in tumor models has not been reported, but chemical synthesis insures that sup-
plies of it and analogs will be available to perform such experimentation in the future.

6.4. Moroidin and Celogentins
Moroidin was originally isolated from the leaves and stalks of the bush, Laportea

moroides, which is found in the rain forests of Eastern Australia (Fig. 7) (159). The unique
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Fig. 6. (A) Chemical structure of diazonamide. (B) Chemical structure of celogentin A and moroidin.

Fig. 7. Chemical structure of tubulysins.

bicyclic peptide made up of eight amino acids was initially suggested to be one of the
active ingredients that induced intense pain upon being stung by hairs that grow on the
bush. Indeed, intradermal injection into human forearms of moroidin (it can be only imag-
ined who might have been the volunteer) produces pain and redness (159). Moroidin has
also been isolated from the seeds of Celosia argentea by Morita and coworkers who were
the first to show that the compound inhibits tubulin polymerization (160). Subsequently,



three related analogs, designated celogentins A, B, and C were isolated from the seeds
of C. argentea (161). Moroidin, celogentins A, B, and C inhibit microtubule assembly
(the IC50s are 3, 0.8, 20, 30 μM, respectively).

7. TUBULYSINS

Tubulysins are a family of molecules isolated from the culture broths of a variety of
myxobacteria of the genera Archangium, Angiococcus, Cystobacter, and Stigmatella.
(162) (Fig. 8). They share some structural similarity with dolastatins and hemiasterlins.
When examined in 5 cell lines, tubulysins A, B, D, and E are potent inhibitors of growth
(IC50 ~ 0.02–0.4 nM). Tubulysin D is the most potent analog (IC50 = 0.043 nM across 5
cell lines). When cells are incubated with tubulysin D (at 10-fold the IC50 needed to
inhibit the growth of cells) multipolar spindle apparatuses are observed. At very high
concentrations of tubulysin A (50 ng/mL), microtubule staining becomes diffuse, which
is suggestive of a depolymerizing effect of the agent.

8. VITILEVUAMIDE

The bicyclic 13 amino acid peptide, vitilevuamide was isolated from two marine ascid-
ians, Didemnum cuculiferum and Polysyncranton lithostrotum (50) (Fig. 8). It inhibits the
polymerization of purified tubulin (IC50 = 2 μM) and at high concentrations, causes aggre-
gation of tubulin. Like other peptidyl agents, vitilevuamide inhibits vinblastine binding
(in a noncompetitive manner), has no effect on colchicine binding to tubulin, and prevents
the decay of the colchicine–tubulin complex. The agent does inhibit GTP binding to tubu-
lin when tested at concentrations up to 80 μM. This suggests that vitilevuamide binds to
the vinca-peptide site within tubulin but has unique properties compared with all petidyl
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antimicrotubule agents. Vitilevuamide inhibits the growth of a variety of tumor cells lines
(IC50 range = 6–311 nM) associated with G2/M cell-cycle arrest. At doses of 12–30 mg/kg
given on days 1,5, and 9 by intraperitoneal administration, vitilevuamide significantly
increases the life-span of mice implanted with P388 leukemia cells.

9. SUMMARY

A wide variety of potent peptide and depsipeptide natural products that interfere with
the function of microtubules have been discovered in the last 20 yr. With the efforts of
some very talented chemists, a few of these natural products have been synthesized in
quantities sufficient for clinical evaluation and extensive analog work has provided a
better understanding of their interaction with tubulin. On a molecular level, the pep-
tidyl agents described here bind to a unique site in tubulin that specifically influences
vinblastine binding. However, because most peptidyl agents noncompetitively inhibit
vinblastine binding to tubulin, the peptidyl site is either completely separate or overlaps
with a part of the vinca site. More work is needed to define the peptide binding site and
understand how these agents interact with tubulin on a molecular level. This will lead
to a better understanding of how tubulin and microtubules function in general.

On a phenotypic level, many of these agents are potent inhibitors of cell growth that
demonstrate a profound ability to inhibit tumor proliferation in animal models. The
excellent preclinical profile should translate into clinical utility in cancer patients. This
has not happened yet. How can this be? First of all, it must be recognized that the mech-
anism of action of each peptidyl inhibitor can be subtly distinct (if they indeed only inter-
act with tubulin) and the metabolism of each drug may be very different. Therefore, until
each agent is tested in multiple tumor types, schedules, and doses, only then may a clin-
ically useful peptide emerge. In the event that clinical utility is not achieved, it would
seem that the balance of efficacy vs toxicity must be tipped unfavorably. As P-glycoprotein
is expressed in bone marrow progenitor cells (163), and clinically-tested peptidyl agents
have a weaker interaction with P-glycoprotein compared with antimitotic agents in clin-
ical use, peptidyl agents may induce more profound neutropenia than approved antimi-
totic agents. In any case, there may be ways to overcome this in the future. First, it may
be possible to selectively enhance the anticancer effect of these drugs by altering apop-
totic machinery (e.g., ref. 5) or angiogenic systems (65) unique to the cancer cell envi-
ronment. Second, subtoxic doses given metronomically may be more effective (164).
Third, efforts must be made to understand why a few patients respond extremely well to
these agents. The answer may lie in the tumor. Alternatively, resistance to dose-limiting
side effects such as neutropenia or cardiovascular toxicity (observed with many peptidyl
agents) could play an important role. Finally, conjugation of these highly toxic molecules
to antibodies may selectively target tumor cells (61,165). There is a great deal of work
yet to be done with these intriguing molecules. The diversity of these natural products,
their unique interaction with tubulin, and their possible utility in treating cancer indicates
that continued study of these molecules will be valuable in the future.
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SUMMARY

Colchicine is one of the oldest known antimicrotubule drugs. It exerts its biological
effects by binding to a single site on the β-subunit of the tubulin heterodimer. The
resulting colchicine–tubulin complex substiochiometrically inhibits tubulin assembly
and suppresses microtubule dynamics. A large number of molecules with significant
structural diversity interact with the colchicine site on tubulin; literally hundreds of
potential colchicine site ligands have been synthesized and tested in the hopes of
finding a better clinical agent. In spite of the wealth of data, an understanding of the
structure–activity relationship for these colchicine site ligands remains elusive.
Colchicine site drugs are believed to act as a common mechanism, which has been
studied extensively in the case of colchicine but much less studied for other
ligands. In this review, the molecular mechanisms by which colchicine and closely
related structures interact with tubulin are explored. Thermodynamic, kinetic, and
structure–activity analyses as well as more recent structural information about the
ligand–receptor complex are discussed.

Key Words: Antimitotic; colchicine; combretastatin; mechanism; microtubules;
podophyllotoxin; structure–activity relationships; tubulin.
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1. INTRODUCTION

Drugs that affect microtubule dynamics are among the most widely used agents in
cancer chemotherapy (1–4). These substances interact with tubulin, a 100,000 Da het-
erodimer that is the major protein component of cellular microtubules. Tubulin contains
at least three distinct drug-binding sites, known as the colchicine, Taxol, and vinblas-
tine-binding sites. Both the Taxol-binding site and the vinblastine-binding site have
been exploited for drugs that are used in clinical oncology (5–7), but there is not yet a
colchicine site drug that is in routine use for cancer treatment. The discovery of the
impressive antivascular activity of the colchicine site ligand combretastatin A-4 phos-
phate (8–10) sparked renewed interest in searching for potential anticancer drugs that
exert their activity by binding to tubulin at this site.

A large number of molecules with significant structural diversity interact with the
colchicine site on mammalian tubulin. Figure 1 illustrates some of these structures.
Similarities between the natural products colchicine, podophyllotoxin (11), combretas-
tatin A-4 (8,12), phenstatin (13), and steganacin (11) are apparent, but common structural
themes in other colchicine site ligands such as 2-methoxyestradiol (14), nocodazole
(15), curacin A (16), chalcones such as MDL-27048 (17), and additional examples
shown in Fig. 1 (18–21) are not obvious.

A substance is considered to be a colchicine site ligand if it meets the minimum
requirements of inhibiting in vitro microtubule assembly and [3H]colchicine binding to
tubulin (22). Competitive inhibition of colchicine binding to tubulin has been demon-
strated for some colchicine site ligands (23–26), but in most studies competitive inhibi-
tion is assumed but not explicitly demonstrated. It is also implicitly assumed in many
studies that inhibition of colchicine binding to tubulin is the result of occupancy of the
same binding pocket within the protein. This assumption is not necessarily true. The
colchicine C ring analog tropolone methyl ether (TME) (Fig. 2) blocks colchicine bind-
ing to tubulin but does not inhibit the binding of podophyllotoxin to tubulin (27), which
seems to suggest that podophyllotoxin and colchicine share only part of the binding site.

It is probably more accurate to say that these molecules associate with a colchicine-
binding region of tubulin rather than the colchicine-binding site, although the latter term
will be retained for convenience. Tubulin binding by these ligands results in the same
final effect, inhibition of tubulin assembly, presumably by the same general mechanism,
production of a protein conformation that is ineffective in forming a stable microtubule
lattice. The details of the binding interactions between colchicine site ligands and tubu-
lin are unknown and likely to be different for various ligands. It is therefore perhaps fruit-
less to attempt to define a single pharmacophore for the agents that bind to the colchicine
site on tubulin. There are probably multiple pharmacophores. A major challenge for the
future is to determine which structural families should be considered together and which
should be considered separately when molecular mechanisms are proposed.

The molecular mechanism by which colchicine and closely related structures bind to
tubulin and subsequently inhibit tubulin polymerization has been extensively investi-
gated (28–30). Quantitative studies of colchicinoid–tubulin associations have shed some
light on the molecular features of the interaction (31–33). Far less is known about the
molecular mechanisms for the other classes of colchicine site ligands. This review will
focus on colchicine and closely related structural molecules. Several reviews that
include greater detail on other colchicine site drugs have been published recently
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Fig. 1. Structures of colchicine and colchicine site ligands. The standard numbering system and des-
ignation of the rings for colchicine is indicated. Standard designation for the rings of some of the other
molecules is also shown.

(1,8,10,17,34–39). Many of the important findings about colchicine are likely to be rel-
evant to other colchicine site drugs. However, the colchicine findings also illustrate that
similarities in structure do not necessarily imply identical mechanisms.

2. COLCHICINE AND DISEASE

Colchicine itself is the oldest drug in this family of antimicrotubule agents. Although
used for more than two millennia for various ailments, its cellular target was discovered
just four decades ago. Taylor and coworkers (40,41) demonstrated simultaneously that the
protein tubulin was both the core protein of the microtubule and the colchicine-binding



protein in the cell. The specificity of colchicine for tubulin is remarkable: colchicine’s
effect on cellular processes appears to be entirely dependent on its interaction with tubu-
lin. This association is also ubiquitous in mammals. Colchicine-binding activity fre-
quently has been used to identify a protein as tubulin, to assess the activity of the protein,
and to specifically disrupt microtubule-mediated processes in cells. The ubiquity and
specificity of colchicine-binding activity in tubulin from higher organisms has intrigued
researchers to search for an endogenous substance that regulates microtubule behavior
through the colchicine site. Although a few candidates have been suggested, none has
been widely accepted (22).

Colchicine itself is not used in cancer chemotherapy, presumably because of its high
toxicity (3). However, colchicine is clinically important in treatment of other diseases.
It remains an important drug in the management of acute gout and is often used in many
less common disease states, such as familial Mediterranean fever, amyloidosis, and
Behcet’s disease. Le Hello (42) has documented the use of colchicine in more than 50
disorders and diseases, which are chronicled in a thorough review of the pharmacology
of colchicine and its use in medicine.

3. COLCHICINE’S EFFECTS ON MICROTUBULE ASSEMBLY 
AND DYNAMICS

It is well established that the effect of colchicine on the assembly properties of tubu-
lin is owing to the tubulin–colchicine complex (TC) and not to free colchicine (43).
Colchicine binding to tubulin induces a conformational change in the protein that alters
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its association with unliganded tubulin within the microtubule (44) in ways that are not
well understood. Detailed discussions of the effects of colchicine and other antimicro-
tubule drugs on microtubule assembly and dynamicity have been published recently
(32,45,46), so discussion here will be brief.

The effects of TC on the bulk properties of tubulin in vitro are to substoichiometri-
cally inhibit polymerization of the protein and, to a lesser extent, induce disassembly of
the steady state polymer. It is known that TC is incorporated into the end of the micro-
tubule and that the affinity of TC for the microtubule end is about the same as the affinity
of guanosine 5′-triphosphate (GTP)-tubulin for the microtubule end (43,47). The differ-
ence in the protein conformation between GTP-tubulin and TC affects the longitudinal
and lateral protein–protein contacts. As a result, microtubule ends that incorporate TC
have a lower affinity for additional tubulin dimers.

The ability of a prospective colchicine site drug to inhibit in vitro microtubule assem-
bly is used as a standard measure of the molecule’s potential effect on a cell. It was long
thought that inhibition of microtubule assembly by TC was the cause of colchicine’s
cytotoxicity. However, it is now believed that the effect of TC on in vivo microtubule
dynamics is the therapeutically relevant activity of the drug (3). TC potently decreases
the rate of growth and shortening of individual microtubules and increases the amount
of time the microtubule resides in the attenuation state (48). Precisely how colchicine
binding alters the tubulin conformation to produce these effects on tubulin assembly is
unclear. Taxol and vinblastine also suppress microtubule dynamics by interacting with
the end of a microtubule, yet their tubulin-binding sites and their effects on the bulk
properties of microtubules are very different from one another and from colchicine
(32,49,50). It therefore seems that more than one type of conformational readjustment
in the protein can lead to the same final result.

An additional complication is that different colchicine site ligands can induce differ-
ent effects on tubulin conformation. For example, there is significant evidence that con-
formation of tubulin when it is complexed with podophyllotoxin is different from that
of tubulin in TC. Colchicine binding to tubulin enhances a weak intrinsic GTPase activ-
ity in the protein, but podophyllotoxin binding to tubulin inhibits this GTPase (51,52).
Tubulin bound to colchicine can assemble to form sheet-like structures rather than
microtubules (53), and the thermodynamic parameters of TC assembly are very similar
to that of pure tubulin (54). TC copolymerizes with tubulin, but the tubulin–podophyl-
lotoxin complex does not; in fact, tubulin–podophyllotoxin inhibits both tubulin assem-
bly into microtubules and TC assembly into polymers (55). Podophyllotoxin but not
colchicine is able to stabilize ring oligomers of avian erythrocyte tubulin to form crys-
tals suitable for low-resolution electron diffraction (56).

4. THE MECHANISM OF COLCHICINE BINDING TO TUBULIN

The interaction of colchicine with tubulin has several unusual and intriguing features.
The association is very slow for a small molecule binding to a protein: the second order
rate constant is in the range of 100/M/s at 37°C (57). The resulting complex is nonco-
valent but dissociates extremely slowly (~15 × 10−6/s) (58). Certain optical properties of
the colchicine–tubulin complex are very unusual and have resisted satisfactory explana-
tion. Specifically, the low energy absorption band of colchicine bound to tubulin displays
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absorption, fluorescence, and circular dichroic spectra that have not been precisely
duplicated in the absence of the protein. Many of the earlier investigations into the
mechanism of colchicine binding to tubulin were reviewed in the 1990s (22,28–30,59).

4.1. Kinetics
A thorough review of the kinetics of colchicine and analogues binding to tubulin has

been published recently (59), so the treatment here will be brief. Colchicine binding to
tubulin is a two step process: a rapid equilibrium between the ligand and the protein to
form a low affinity complex, which is followed by a slow, unimolecular step to form the
stable colchicine/tubulin complex. It is generally accepted that colchicine associates
with tubulin through one of its conjugated rings in the first, low affinity complex. The
second ring binds in the slow step, which requires a protein conformational change to
form the final complex. A substituent on the C-7 carbon (see Fig. 1 for numbering sys-
tem) raises the activation energy of the second step, indicating that there might be a
steric interaction between the C-7 substituent and the protein during the unimolecular
step. However, the B ring itself does not affect the activation energy of the process (60).

The kinetics of colchicine binding to tubulin can be observed by monitoring the increase
in colchicine fluorescence or quenching of tubulin fluorescence as a function of time.
Under pseudo-first order conditions, two phases corresponding to two parallel reactions are
observed in the kinetic data for colchicine binding to brain tubulin: a fast phase that
accounts for most of the amplitude of the fluorescence change, and a slow phase of smaller
amplitude. (Each phase of the association consists of the fast and slow steps described ear-
lier.) Ludueña and coworkers have shown that the two kinetic phases observed when
colchicine binds to brain tubulin are the result of the isotype composition of the tubulin.
The slow phase of the association is owing to the lower rate constant for colchicine bind-
ing to αβ-III tubulin than to tubulin containing the other β-isotypes (61–63).

4.2. Equilibrium Studies
The slow binding of colchicine to tubulin to form a nearly irreversible complex makes

measuring equilibrium binding parameters difficult. Andreu and coworkers (58) used
kinetic measurements to calculate a standard free energy of binding change of about
–10 kcal/mol at 37°C, which corresponds to an association constant of ~1 × 107M.
The enthalpy change for colchicine binding to brain tubulin has been determined from
temperature dependence of the kinetic data and from calorimetry (64) to be around –5
to –6 kcal/mol. It was noted in the calorimetry studies that the bicyclic derivative of
colchicine 2-methoxy-5-(2,3,4-trimethoxypheny1) -2,46-cycloheptatrien-1-on (MTC)
(Fig. 2) binds to tubulin with lower affinity than colchicine but with the same enthalpy
change (64). These data led to the conclusion that neither the B ring of colchicine nor its
substituents make contact with the protein in the ground state.

There are small but real differences in the colchicine binding constants of purified
tubulins with different β-isotypes (65), but the differences are apparently too small to be
observed in unfractionated tubulin. Whether the differences in the colchicine-binding
properties of tubulin isotypes are relevant in vivo remains an open question (66). It is
not clear how the sequence differences in the isotypes affect the colchicine-binding site,
as most of the sequence variation between the various isotypes is found in the C-termini
of each subunit. Bhattacharyya and coworkers (67) have observed that removal of the
C-termini from tubulin in unfractionated brain tubulin affects the association of
colchicine to tubulin; the affinity of the protein for colchicine is decreased, and the
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drug/tubulin association is no longer pH dependent. These investigators postulate that
“tail-body” interactions between the C-terminal amino acids and the rest of the protein
may allosterically affect the colchicine-binding site (65,68).

Timasheff, Andreu, and coworkers (69–72) have carried out detailed experiments
designed to elucidate the molecular interaction between tubulin and colchicine. They
measured equilibrium binding constants and inhibition of tubulin assembly for a series
of biphenyls and bridged biphenyls. Equilibrium-binding experiments yielded associa-
tion constants for the ligands with unassembled tubulin (Kb). The microtubule inhibitory
potential of these same ligands was assessed by measuring the I50 for pure tubulin,
which is the total concentration of ligand required to reduce the extent of tubulin self-
assembly to 50% of its value in the absence of added inhibitor. As the TC and not free
colchicine is responsible for inhibition of microtubule assembly (43), a simple model
for the events in the process was constructed to calculate the “microtubule inhibition
constant” Ki, which represents the binding constant for the ligand–tubulin complex for
the end of the microtubule. The Ki provides a quantitative assessment for the inhibitory
potency of a ligand (Fig. 3).

Another parameter was also calculated for these studies. The extent of ligand bind-
ing to tubulin at the I50 concentration, r, gives the fraction of unliganded tubulin bound
to ligand at the I50, which is inversely proportional to Ki. The r-value is used in the sub-
sequent discussion, as it is a more intuitive expression. Table 1 lists the results for a few
of the ligands (71). As expected, colchicine binds with high affinity to tubulin (Kb is
large) and the colchicine/tubulin complex is highly potent as an inhibitor of tubulin
assembly (r is small). However, TME yields some unexpected results. The affinity of
TME for tubulin is very low, and the I50 value is very high, but the r-value is nearly as
small as that found for colchicine. In other words, TME does not bind as well as
colchicine to tubulin, but once formed the TME/tubulin complex is nearly as effective
as the colchicine–tubulin complex as an inhibitor of tubulin assembly. The bicyclic ana-
log of allocolchicine, 2,3,4-trimethoxy-4′-carbomethoxy 1,1′-biphenigl (TCB) (Fig. 2),
has an affinity for tubulin that is intermediate between colchicine and TME, and its I50
value is also intermediate between the two ligands. However, its r-value is very large:
40% of the tubulin dimers must be liganded with TCB to inhibit polymerization to the
same extent as the other two ligands.

This is a dramatic illustration that tubulin binding and polymerization inhibition are not
linked thermodynamically; that is, the efficacy of the drug–tubulin complex is not neces-
sarily a direct function of binding site occupancy. Inhibition of tubulin assembly is a “post-
binding phenomenon” (71), dependent on the ability of the particular ligand to induce an
“inactive” conformation in tubulin, not on the affinity of the ligand for the binding site.
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Fig. 3. Timasheff’s mechanism for the equilibria present at steady state. M—microtubule, T—
unliganded tubulin, L—ligand, TL—ligand–tubulin complex. Kg—normal growth equilibrium con-
stant, Kb—ligand–tubulin association constant, Ki—microtubule inhibition constant.



From the series of compounds studied, Timasheff, Andreu, and coworkers formed
some general conclusions. They postulated that the interaction between tubulin and one
of the oxygens on the C ring is responsible for the extent of the conformational change
that leads to inhibition of tubulin assembly. The B ring serves as a scaffold, fixing the
substituents on the C ring in a particular locus within the ligand–tubulin complex, which
may or may not be optimal for inducing a conformational change to an inhibitory
species. The A ring primarily serves as an anchor and affects the conformation of the
protein only by how it affects the orientation of the C ring in the binding site (72).

5. STRUCTURE–ACTIVITY RELATIONSHIPS

Literally hundreds of colchicine analogs have been prepared and tested for antimi-
crotubule activity and/or cytotoxicity. A great deal of the structure–activity relationship
literature for colchicinoids was published in the 1980s and 1990s and has been reviewed
(22,73–77). This review concentrates on literature published after 1990.

5.1. Three-Dimensional-Quantitative Structure–Activity Relationships 

A few attempts to define a pharmacophore for the colchicine site on tubulin have
been made through evaluation of quantitative structure–activity relationships (QSAR)
in three-dimensions (3D). Two groups have used comparative molecular field analysis
(CoMFA) (78). Briefly and greatly simplified, in this method the molecules of interest
are aligned such that common structural features thought to be important for the activity
are in the same region of space. A correlation between the electrostatic and steric fields
of these molecules is sought mathematically, and the results of the calculations are 
displayed graphically. An attractive feature of this method is that the predictive ability
of the model is also evaluated in the analysis. Macdonald and coworkers used CoMFA
on a series of ligands, primarily combretastatin derivatives, with inhibition of [3H]
colchicine binding to tubulin or inhibition of tubulin assembly as the biological vari-
ables. The two biological variables yielded similar CoMFA models (79). Lee and
coworkers performed CoMFA on a series of colchicine site ligands with a great deal of
structural diversity, including colchicinoids, quinolines, and naphthyridinones, and
used inhibition of tubulin assembly as the biological variable (80). The best results
were obtained when the alignment required the aR-conformation of the A and C rings
(Section 5.2) and for B ring substituent be oriented in the same direction on all the per-
tinent molecules. Each investigation produced a model with high correlation and good
predictive ability, but the CoMFA fields appear quite different in the models from the
different groups.
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Table 1
Tubulin Binding and Polymerization Inhibition by Selected Colchicine Site Ligands

Ligand Ka (× 10−6/M) I50 (μM) r (%)

Colchicine 16 0.42 1.9
TMEa 0.00035 310 4.2
TCBa 0.1 19 40

aSee Fig. 2 for structure.



Polanski (81,82) reported using self-organized neural networks to develop a 3D-
QSAR for colchicinoids and biphenyls, using inhibition of tubulin polymerization as the
biological variable. The neural network approach is said to diminish one of the main
criticism of the CoMFA method, the “alignment rule,” in which the superimposition of
molecules for analysis requires the operator to choose the molecular similarities within
the set. The predictive ability of the model reported was quite low; however, the range
of biological activities for this molecular set was small (less than one order of magni-
tude). It is possible that this type of model would provide better results with a data set
possessing a greater range of biological activities.

Ducki et al. (83) used a “5D-QSAR” approach to evaluate a series of combretastatin
and chalcone analogs. In this approach, operator bias is reduced by allowing for mul-
tiple conformations and orientations of the ligand molecules to be explored, and mul-
tiple quasi-atomic receptor models that can accommodate ligand-dependent induced fit
are considered. Inhibition of tubulin polymerization data obtained in a single lab was
used as the biological variable. Three receptor models were developed: one for the
chalcone series, one for the combretastatin series, and a third model that combined
molecules of the other two sets. The chalcone model had good predicative power,
whereas the predictive power of the combretastatin model was moderate. The model
generated from both structural classes, however, had lower predictive ability. The
authors speculate that multiple ligand classes may not be well accommodated in the
5D-QSAR approach.

5.2. Axial Chirality
The tricyclic colchicinoids can exist in two atropisomeric forms. The relative amount

of each atropisomer in solution is affected by the substituent on the C-7 carbon.
Deacetamidocolchicine (Fig. 2) exists in solution in a racemic mixture of the two atro-
pisomers (80,84,85). Natural 7S-colchicine, also known as (−)-colchicine, exists in solu-
tion exclusively as the aR atropisomer, whereas unnatural 7R-colchicine, also known as
(+)-colchicine, exists in solution as the aS atropisomer (74,86). (It should be noted that
in papers published before 1999, the axial chirality of natural (−)-colchicine was incor-
rectly designated aS [87].) The C-7 amide is pseudoequatorial in the observed con-
former for each molecule, which is presumably the molecular feature that dictates the
axial chirality in the colchicine series (Fig. 4).

Changing the substitution pattern on the A or C rings of 7S-colchicine has not been
observed to lead to the appearance of the aS atropisomer (88–91). It is therefore gener-
ally assumed that the 7S-colchicinoids and 7R-colchicinoids are exclusively in the aR
and aS axial configurations, respectively. When the C ring is aromatic rather than a tro-
pone, however, both atropisomers are frequently observed in solution, and the ratio of
atropisomers depends on solvent as well as the nature of the C-7 substituent (92).

The 7R-isomers of colchicinoids are invariably less active than the 7S-isomers (75).
7R-Colchicine is about 1/3 as active as natural 7S-colchicine as an inhibitor of
[3H]colchicine binding to tubulin and about 40-fold less cytotoxic (86). The 7R-isomer
of thiocolchicine (Fig. 2) is 15-fold less potent in polymerization assays and 29-fold less
cytotoxic than the 7S-isomer (90). The activities of a series of 7-O-substituted deacetami-
dothiocolchicines were recently investigated (91). The 7R-isomers were 4- to 12-fold less
active than the 7S-isomers, further supporting the idea that the colchicine-binding site is
stereoselective (93). It is interesting to note that the axial chirality of the colchicinoid is
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much less detrimental to tubulin-binding activity than changing the substitution pattern
of the tropone (Section 5.3).

The magnitude as well as the sign of the dihedral angle between the two rings is
important in tubulin binding. Phenanthrenes and dihydrophenanthrenes with aromatic
ring substitution patterns found in combretastatin A-4 (Fig. 5, 5-1 and 5-2) are reported
to be inactive as inhibitors of assembly, indicating that a planar or nearly planar arrange-
ment of the A and C rings does not result in an active molecule in this series (94).
Thiocolchicine analogs possessing a 6-membered B ring have been prepared and tested.
The crystal structure of one of these shows aS axial chirality and a dihedral angle of
about 30° between the two rings (Fig. 5, 5-3). This molecule binds rapidly to the
colchicine site on tubulin (95) and inhibits tubulin assembly better than colchicine does
(88) in spite of having the “wrong” axial chirality in the crystal. It was proposed that the
aR atropisomer is the active conformation of the molecule. Circular dichroic spectra
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Fig. 4. Structures of (7S,aR)-(−)-colchicine (left) and (7R,aS)-(+)-colchicine (right), illustrating the
atropisomers of the colchicine ring system. Note the C-7 amide is in a pseudoequatorial position in
each structure. Color key: green—carbon, red—oxygen, blue—nitrogen, white—C-7 hydrogen. The
remaining hydrogen atoms are omitted for clarity. To view this figure in color, see the insert and the
companion CD-ROM.

Fig. 5. Colchicine and combretastatin derivatives with different B rings.



were interpreted to infer that both atropisomers of 5-3 are present in solution and inter-
coversion of the atropisomers is rapid (89).

A thiocolchicine analog with an 8-membered B ring was prepared and tested by Berg
and coworkers (96) (Fig. 5, 5-4). Two atropisomeric forms of the molecule were formed
and were separated chromatographically. The atropisomer that corresponds to the axial
chirality of natural aR-colchicine is about 10-fold less active than colchicine in inhibit-
ing tubulin polymerization. The dihedral angle between the A and C rings in the crystal
structure is 73°, which is about 20° larger than the 53° dihedral angle typically found in
colchicinoids or the 49–60° angles found in methylated bridged biphenyls (97). The
other atropisomer was reported to be inactive at reasonable concentrations.

The colchicine-binding site on tubulin therefore seems fairly tolerant of variations in
the dihedral angle between the A and C rings, provided that the correct axial chirality is
maintained. High activity is found in molecules with angle sizes varying from 30° to about
60° (98,99). Molecules with angles larger or smaller than these values are less active.

5.3. C Ring Derivatives
The structure–activity relationships within the C ring derivatives of colchicine and

aromatic colchicinoids are not well understood. Isocolchicine is nearly 1000-fold
less active than colchicine as an inhibitor of microtubule assembly and as a ligand
for the colchicine-binding site, even though the crystal structures of the two mole-
cules are virtually super imposable (Fig. 6) (100). In fact, the C ring isoforms of all
colchicinoids that have been tested are so much less active than the corresponding
colchicine derivatives (76) that their activities are rarely reported anymore. Yet the
C-10 position on colchicine can accommodate a wide variety of substituents with 
little change in the molecule’s activity. Thiocolchicines show activity equal to or
slightly more than that of the corresponding colchicines (101). Replacing the
methoxy group of colchicine with sterically and electronically diverse substituents
such as halogens, azide, amines, ethers, and alkyl groups (including tert-butyl) usu-
ally resulted in only minor change in polymerization and [3H]colchicine-binding
inhibition (102).

A further complication is that the structure–activity relationship for the substituted
tropone is affected by the nature of the connection between the A and C rings. The
bicyclic colchicine derivative MTC binds to tubulin with 10-fold less affinity than
colchicine. But if the methoxy group on the tropone ring is replaced by a chlorine atom,
the bicyclic molecule becomes essentially inactive as an inhibitor of tubulin assembly,
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Fig. 6. Isocolchicine vs colchicine. The two-dimensional structure of isocolchicine is shown on the
left. On the right is an overlay of the crystal structures of colchicine (red) and isocolchicine (blue).
Rotations about the single bonds of some substituents were performed to improve the clarity of the
illustration. All hydrogens are omitted on both structures. To view this figure in color, see the insert
and the companion CD-ROM.



whereas the colchicine analog becomes more potent (103,104). The substitution is
similarily deleterious for the combretatropone series, but does not significantly affect
activity in the deacetamidocolchicine series (Table 2) (105).

As only polymerization data were obtained, it cannot be determined whether the dif-
ferences in activity are owing to differing affinity of the ligands for the protein, differ-
ing affects of the ligand on the conformation of the protein, or a combination of the two.
However, this example does serve to further illustrate the potential pitfalls in rational
drug design for the colchicine-binding site on tubulin.

5.4. A Ring Derivatives
A ring derivatives of colchicine show little structural diversity, primarily owing to

the difficulty in preparing such compounds. Most colchicine derivatives are semisyn-
thetic, and it is difficult to severely modify the A ring substitution pattern without
destroying the tropone ring (22). More variety in the A ring substitution pattern can
be obtained from totally synthetic molecules such as bicyclic colchicinoids (106),
combretastatin derivatives (107,108), and biaryls and bridged biphenyls (38,109), but
to date most of these derivatives have retained the trimethoxyphenyl ring of
colchicine. Removing one of the methoxy groups or replacing a methyl group with
another alkyl or an acyl group is normally detrimental to activity in these series
(108,110). Recently, more variety of A ring substituents was explored for combretas-
tatin A-4 (111). Replacing all three methoxy groups with methyl groups resulted in a
molecule that is slightly more active than combretastatin A-4 as an inhibitor of micro-
tubule assembly (Fig. 7, 7-1), although it is less cytotoxic than combretastatin A-4 in
both cell lines examined. There seems to be some link between the substitution pat-
terns on the aromatic rings in this series. The fluorine-substituted derivative 7-2 also
inhibits microtubule polymerization more potently than combretastatin A-4, but a
combination of the two modifications (7-3) results in decreased activity in both poly-
merization and cytotoxicity assays.
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Table 2
Inhibition of In Vitro Microtubule Assembly by Selected Colchicinoids

I50 (μM)

Colchicine Combretatropone Deacetamidocolchicine 
Substituent (R1) (I, R2 = NHAc) MTC (II) (III) (I, R2 = H)

OCH3 5.1 6.9 54 4.2
CH2CH3 4 63 160 NT
Cl 4 >500 300 3.7



6. THE COLCHICINE-BINDING SITE ON TUBULIN

A tremendous boost to understanding the molecular mechanisms of antimictubule
agents resulted from the first publication of a 3D structure for tubulin (112). The tubulin
structure was obtained by electron crystallography from Zn-sheets of the protein stabi-
lized with Taxol, thus the location of the Taxol-binding site on the protein could be
unequivocally identified. The other two drug-binding sites can each be localized to a gen-
eral region of the 3D-structure of the protein using photoaffinity labeling and other bio-
chemical data (113,114). It seems unlikely that more precise information about the
colchicine-binding site will emerge from further study of these sheets, as it has not been
possible to create a similar tubulin assemblage with colchicine occupying its binding site.

More recently, a 3.5 Å resolution structure of tubulin–colchicine complexed with the
stathmin-like domain (SLD) of RB3 was solved by X-ray diffraction (115). The confor-
mation of tubulin in this structure is very similar to that found in Zn sheets in the termi-
nal regions of the protein, but differs significantly in the “intermediate” domain.
Colchicine is found in this domain, in a region at the interface of the α- and β-subunits.
Most of the contacts between colchicine and tubulin are in the β-subunit, but the loop
T5 from α-tubulin also makes contact with the ligand in this structure. The colchicine-
binding site is deep within the protein in this structure; the T7 loop and H8 helix must
be displaced from their positions in the Zn-sheet structure to form a binding site for
colchicine. The conformational differences in the β-subunits of the two tubulin struc-
tures extend from the αβ-interface across the surface of the protein involved in longitu-
dinal interactions between protofilaments to the GTP-binding site at the locus of lateral
interactions between dimers in a protofilament.

It is interesting to compare the characteristics of the colchicine-binding site in the
tubulin/colchicine: RB3-SLD structure with those predicted from biochemical studies.
Photoaffinity labeling performed with [3H]colchicine identified two β-tubulin peptides:
β1–41 and β214–241. Figure 8 shows a stereoview of the X-ray structure in which the
two peptides are highlighted. The β214-241 peptide forms part of the colchicine-bind-
ing site, but the β1–41 peptide does not, although the C terminal amino acids of this
peptide are in the vicinity of the colchicine-binding site. Earlier photoaffinity labeling
studies used an aromatic azide attached to the C-7 substituent of colchicine. Labels
attached to the C-7 substituent of colchicine labeled the α-subunit exclusively when a
long spacer was included, whereas both α- and β-tubulin were labeled when no atoms
were incorporated between the amine and the aromatic azide (116,117). The crystal
structure can accommodate these results: the C-7 substituent is near the exterior of the
binding site, oriented toward the α-subunit. Experiments in which sulfhydryl groups
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Fig. 7. A ring derivatives of combretastatin A-4.



were covalently modified support the location of the trimethoxyphenyl A ring of
colchicine very close to Cys-241. Colchicine affinity labels in which the methyl group
at C-2 or C-3 is replaced with a chloroacetyl group form covalent bonds with Cys-241
primarily and Cys-356 secondarily (118). The intramolecular crosslink between Cys-
241 and Cys-356 is strongly inhibited by colchicine binding to tubulin, but is unaffected
by the presence of the C ring analog TME (119).

\Cabral and coworkers (120) have created and studied many Chinese hamster ovary
cells that are resistant to tubulin-binding drugs. The primary mechanism by which tubu-
lin mutations in these cells produce drug resistance is through alterations of amino acids
outside the binding sites, which result in altered microtubule assembly properties but
not drug-binding properties. In one notable exception, a mutation in β-tubulin (A254V)
caused transfected cells to be hypersensitive to colchicine (121). This activity was
attributed to an increase in affinity for colcemid by the mutant tubulin. The mutated
residue is located on helix 8, about 5 Å from tubulin-bound colchicine. Although the
affected amino acid is not on the interior of the binding site defined by X-ray crystal-
lography, it is reasonable to propose that the mutation allosterically rather than sterically
affects the shape of the binding site.

An unexpected discovery in the crystal structure is that the colchicine-binding site
is deep in the protein (Fig. 9). This finding is in harmony with the noncovalent but
essentially irreversible nature of the colchicine–tubulin complex––clearly a signifi-
cant conformational change in the protein would be necessary for the complex to dis-
sociate. The origin of colchicine fluorescence in the colchicine–tubulin complex can
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Fig. 8. Stereoview of one of the tubulin-colchicine complexes from the crystal structure of tubulin/
colchicine:stathmin-like domain complex (PDB 1SA0, [110]). The backbone of the α-subunit is shown
in light blue and the backbone of the β-subunit is colored yellow. DAMA-colchicine (Fig. 2) is colored
by atom type (green—carbon, red—oxygen, blue—nitrogen, yellow—sulfur; hydrogen atoms are not
shown). Cys-241 (left) and Cys-356 (right) are shown in black. The backbone of the β-subunit peptide
1–41 is shown in dark blue and the backbone of the β-subunit peptide 214–241 is shown in pink. To
view this figure in color, see the insert and the companion CD-ROM.



also be rationalized. Intrinsic colchicine fluorescence is greatly enhanced on tubulin
binding, possibly by rigidifying the molecule and thereby decreasing the loss of
excited state energy by vibrational motion (122). The depth of the colchicine-binding
site in this structure might be an indication of a rigid binding site. But how colchicine
can access such a deep pocket in the protein? Kinetic data indicate that the initial
encounter of the ligand and the protein forms a low-affinity complex and tubulin con-
formational changes occur in a subsequent unimolecular step. How colchicine binding
to a pocket on the exterior of the protein would trigger the requisite conformational
adjustment is currently unclear.

The unusual absorption, circular dichroic, and resonance Raman spectra of
colchicine in its complex with tubulin are also not apparently explained by the structure.
A stacking interaction between the C ring of colchicine and an aromatic amino acid in
the binding site has been suggested to explain these data (22), but no such interaction is
found in the X-ray structure. Finally, a second structure was solved in which
tubulin–podophyllotoxin was complexed with RB3-SLD. Both aromatic rings of
podophyllotoxin in the structure were found to overlap with the A and C rings of tubu-
lin-bound colchicine, which does not seem to agree with data from competition exper-
iments. Differences in tubulin conformation that would account for the differences in
the activities of the two drugs were not apparent in the two structures.

In spite of the unanswered questions, the X-ray structure of tubulin–colchicine is prov-
ing useful in picturing how structurally diverse ligands can bind to the same region of the
protein. Nguyen et al. (123) used the X-ray structure of the complex to design a pharma-
cophore model for a diverse set of colchicine site ligands, ranging from colchicine itself
to curacin A. Correlations between pharmacophoric elements of the ligands were
obtained in 3D by aligning each ligand to colchicine and podophyllotoxin, followed by
refinement using the molecular volume and electrostatic surface from the X-ray struc-
ture. Pharmacophoric points were derived from recurring tubulin–ligand interactions,
and overall pharmacophore for the colchicine-binding site consists of a total of seven
points. Each ligand possesses five or six of the elements of the overall pharmacophore.
The authors intend to use this pharmacophore model to design ligands with superior
tubulin-binding activity.
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Fig. 9. Stereoview of the colchicine-binding site of tubulin/colchicine:stathmin-like domain complex
(PDB 1SA0). The surface of the protein was rendered without hydrogen atoms. The α-subunit is col-
ored blue and the β-subunit is light brown. DAMA-colchicine is colored by atom type. To view this
figure in color, see the insert and the companion CD-ROM.



7. CONCLUSION

Colchicine continues to confound and intrigue investigators even after nearly 40 yr
of studying its interactions with tubulin. Structure–activity, mechanistic and the recent
protein structural studies have yielded significant inroads into understanding the molec-
ular features of colchicine activity, although some important aspects of the mechanism
remain unclear. Perhaps the most fundamental question unanswered by current data is
how the colchicine-binding site can accommodate quite disparate ligand structures, yet
be exquisitely sensitive to minor variations within a single structural class. The advent
of a crystal structure of colchicine–tubulin, albeit complexed with RB3-SLD, should
greatly assist in unraveling the current structure–activity questions. It is not unreason-
able to hope that we are approaching a time when de novo design of a colchicine site
drug is achievable.

ACKNOWLEDGMENTS

Dr. Barbara M. Poliks created all of the 3D-illustrations. Thanks to Drs. Jack Correia,
Jim Snyder, and Rudy Ravindra for critiquing parts of this work.

REFERENCES
1. Jordan A, Hadfield JA, Lawrence NJ, McGown AT. Tubulin as a target for anticancer drugs: Agents

which interact with the mitotic spindle. Med Res Rev 1998;18:259–296.
2. Checchi PM, Nettles JH, Zhou J, Snyder JP, Joshi HC. Microtubule-interacting drugs for cancer treat-

ment. Trends Pharmacol Sci 2003;24:361–365.
3. Jordan MA, Wilson L. Microtubules as a target for anticancer drugs. Nature Rev Cancer 2004;4:

253–265.
4. Giannakakou P, Sackett D, Fojo T. Tubulin/microtubules: Still a promising target for new chemother-

apeutic agents. J Natl Cancer Inst 2000;92:182–183.
5. Rowinsky EK, Donehower RC. Drug-Therapy - Paclitaxel (Taxol). N Engl J Med 1995;332:1004–1014.
6. Altaha R, Fojo T, Reed E, Abraham J. Epothilones: A novel class of non-taxane microtubule-stabilizing

agents. Curr Pharm Des 2002;8:1707–1712.
7. Kruczynski A, Hill BT. Vinflunine, the latest Vinca alkaloid in clinical development—A review of its

preclinical anticancer properties. Crit Rev Oncol Hematol 2001;40:159–173.
8. Cirla A, Mann J. Combretastatins: from natural products to drug discovery. Nat Prod Rep 2003;20:

558–564.
9. Chaplin DJ, Hill SA. The development of combretastatin A4 phosphate as a vascular targeting agent.

Int J Rad Oncol Biol Phys 2002;54:1491–1496.
10. Marx MA. Small-molecule, tubulin-binding compounds as vascular targeting agents. Expert Opin

Ther Patents 2002;12:769–776.
11. Sackett DL. Podophyllotoxin, steganacin and combretastatin: natural products that bind at the

colchicine site of tubulin. Pharmacol Ther 1993;59:163–228.
12. Tozer GM, Kanthou C, Parkins CS, Hill SA. The biology of the combretastatins as tumour vascular

targeting agents. Int J Exp Pathol 2002;83:21–38.
13. Pettit GR, Toki B, Herald DL, et al. Antineoplastic agents. 379. Synthesis of phenstatin phosphate. J

Med Chem 1998;41:1688–1695.
14. Lakhani NJ, Sarkar MA, Venitz J, Figg WD. 2-methoxyestradiol, a promising anticancer agent.

Pharmacotherapy 2003;23:165–172.
15. Xu K, Schwarz PM, Luduena RF. Interaction of nocodazole with tubulin isotypes. Drug Dev Res

2002;55:91–96.
16. Wipf P, Reeves JT, Day BW. Chemistry and biology of curacin A. Curr Pharm Des 2004;10:

1417–1437.
17. Lawrence NJ, McGown AT. The chemistry and biology of antimitotic chalcones and related enone

systems. Curr Pharm Des 2005;11:1679–1693.

274 Bane



18. Barbier P, Peyrot V, Sarrazin M, Rener GA, Briand C. Differential effects of ethyl 5-amino-2-methyl-
1,2-dihydro-3-phenylpyrido [3,4-b] pyrazin-7-yl carbamate analogs modified at position C-2 on tubu-
lin polymerization, binding, and conformational changes. Biochemistry 1995;34:16,821–16,829.

19. Peyrot V, Leynadier D, Sarrazin M, et al. Mechanism of binding of the new antitumor drug MDL
27048 to the colchicine site on tubulin: equilibrium studies. Biochemistry 1992;31:11,125–11,132.

20. Li Q, Woods KW, Claiborne A, et al. Synthesis and biological evaluation of 2-indolyloxazolines as a
new class of tubulin polymerization inhibitors. Discovery of A-289099 as an orally active antitumor
agent. Bioorg Med Chem Lett 2002;12:465–469.

21. Tahir SK, Nukkala MA, Mozny NAZ, et al. Biological activity of A-289099: An orally active tubu-
lin-binding indolyloxazoline derivative. Mol Cancer Ther 2:227–233.

22. Hastie SB. Interactions of colchicine with tubulin. Pharmacol Ther 1991;51:377–401.
23. Kelleher JK. Tubulin binding affinities of podophyllotoxin and colchicine analogs. Mol Pharmacol

1977;13:232–241.
24. Bhattacharyya B, Wolff J. Promotion of fluorescence upon binding of colchicine to tubulin. Proc Natl

Acad Sci USA 1974;71:2627–2631.
25. Banerjee A, Bhattacharyya B. Colcemid and colchicine binding to tubulin: similarity and dissimilar-

ity. FEBS Lett 1979;99:333–336.
26. Ray K, Bhattacharyya B, Biswas BB. Role of B-ring of colchicine in its binding to tubulin. J Biol

Chem 1981;256:6241–6244.
27. Cortese F, Bhattacharyya B, Wolff J. Podophyllotoxin as a probe for the colchicine binding site of

tubulin. J. Biol. Chem. 1977;252:1134–1140.
28. Guha S, Bhattacharyya B. The colchicine-tubulin interaction: A review. Curr Sci 1997;73:351–358.
29. Hamel E. Antimitotic natural products and their interactions with tubulin. Med Res Rev 1996;16:

207–231.
30. Hamel E. Interactions of tubulin with small ligands. In: Microtubule Proteins, Avila J, ed. CRC Press,

Inc., Boca Raton, FL, 1990; pp 89–191.
31. Correia JJ. Effects of antimitotic agents on tubulin-nucleotide interactions. Pharmacol Ther 1991;52:

127–147.
32. Correia JJ, Lobert S. Physiochemical aspects of tubulin-interacting antimitotic drugs. Curr Pharm Des

7:1213–1228.
33. Timasheff SN, Andreu JM, Na GC. Physical and spectroscopic methods for the evaluation of the

interactions of antimitotic agents with tubulin. Pharmacol Ther 1991;52:191–210.
34. Lee KH. Novel antitumor agents from higher plants. Med Res Rev 1999;19:569–596.
35. Canel C, Moraes RM, Dayan FE, Ferreira D. Podophyllotoxin. Phytochemistry 2000;54:115–120.
36. Bacher G, Beckers T, Emig P, Klenner T, Kutscher B, Nickel B. New small-molecule tubulin inhibitors.

Pure Appl Chem 2001;73:1459–1464.
37. Hamel E. Interactions of antimitotic peptides and depsipeptides with tubulin. Biopolymers 2002;66:

142–160.
38. Li Q, Sham HL. Discovery and development of antimitotic agents that inhibit tubulin polymerisation

for the treatment of cancer. Expert Opin Ther Patents 2002;12:1663–1702.
39. Lee KH. Current developments in the discovery and design of new drug candidates from plant natu-

ral product leads. J Nat Prod 2004;67:273–283.
40. Borisy GG, Taylor EW. The mechanism of action of colchicine. Binding of colchicine-3H to cellular

protein. J Cell Biol 1967;34:525–533.
41. Weisenberg RC, Borisy GG, Taylor EW. The colchicine-binding protein of mammalian brain and its

relation to microtubules. Biochemistry 1968;7:4466–4479.
42. Le Hello C. The pharmacology and therapeutic aspects of colchicine. In: The Alkaloids, Cordell GA,

ed. Academic Press, New York, vol 53, 2000; pp 287–352.
43. Skoufias DA, Wilson L. Mechanism of inhibition of microtubule polymerization by colchicine—

Inhibitory potencies of unliganded colchicine and tubulin colchicine complexes. Biochemistry 1992;
31:738–746.

44. Sackett DL, Varma JK. Molecular mechanism of colchicine action - Induced local unfolding of β-
tubulin. Biochemistry 1993;32:13,560–13,565.

45. Wilson L, Jordan MA. Drug Interactions with Microtubules. In: Microtubules, Hyams JS, Lloyd CW,
eds. Wiley-Liss, New York, 1994; pp 59–83.

46. Wilson L, Panda D, Jordan MA. Modulation of microtubule dynamics by drugs: A paradigm for the
actions of cellular regulators. Cell Struct Funct 1999;24:329–335.

Chapter 11 / Molecular Features of the Interaction of Colchicine 275



47. Vandecandelaere A, Martin SR, Engelborghs Y. Response of microtubules to the addition of
colchicine and tubulin-colchicine: Evaluation of models for the interaction of drugs with micro-
tubules. Biochem J 1997;323:189–196.

48. Panda D, Daijo JE, Jordan MA, Wilson L. Kinetic stabilization of microtubule dynamics at steady
state in vitro by substoichiometric concentrations of tubulin-colchicine complex. Biochemistry
1995;34:9921–9929.

49. Hamel E. Evaluation of antimitotic agents by quantitative comparisons of their effects on the poly-
merization of purified tubulin. Cell Biochem Biophys 2003;38:1–21.

50. Sackett DL. Vinca site agents induce structural-changes in tubulin different from and antagonistic to
changes induced by colchicine site agents. Biochemistry 1995;34:7010–7019.

51. David-Pfeuty T, Simon C, Pantaloni D. Effect of antimitotic drugs on tubulin GTPase activity and
self-assembly. J Biol Chem 1979;254:11,696–11,702.

52. Lin CM, Hamel E. Effects of inhibitors of tubulin polymerization on GTP hydrolysis. J Biol Chem
1981;256:9242–9245.

53. Andreu JM, Timasheff SN. Tubulin bound to colchicine forms polymers different from microtubules.
Proc Natl Acad Sci USA 1982;79:6753–6756.

54. Andreu JM, Wagenknecht T, Timasheff SN. Polymerization of the tubulin-colchicine complex: rela-
tion to microtubule assembly. Biochemistry 1983;22:1556–1566.

55. Saltarelli D, Pantaloni D. Polymerization of the tubulin-colchicine complex and guanosine 5′-triphosphate
hydrolysis. Biochemistry 1982;21:2996–3006.

56. Schonbrunn E, Phlippen W, Trinczek B, et al. Crystallization of a macromolecular ring assembly of
tubulin liganded with the anti-mitotic drug podophyllotoxin. J Struct Biol 1999;128:211–215.

57. Garland DL. Kinetics and mechanism of colchicine binding to tubulin: evidence for ligand-induced
conformational changes. Biochemistry 1978;17:4266–4272.

58. Diaz JF, Andreu JM. Kinetics of dissociation of the tubulin-colchicine complex: complete reaction
scheme and comparison to thermodynamic measurements. J Biol Chem 1991;266:2890–2896.

59. Engelborghs Y. General features of the recognition by tubulin of colchicine and related compounds.
Eur Biophys J 1998;27:437–445.

60. Pyles EA, Hastie SB. Effect of the B-ring and the C-7 substituent on the kinetics of colchicinoid tubu-
lin associations. Biochemistry 1993;32:2329–2336.

61. Banerjee A, Luduena RF. Distinct colchicine binding-kinetics of bovine brain tubulin lacking the
type-III isotype of β-tubulin. J Biol Chem 1991;266:1689–1691.

62. Banerjee A, Luduena RF. Kinetics of colchicine binding to purified β-tubulin isotypes from bovine
brain. J Biol Chem 1992;267:13,335–13,339.

63. Banerjee A, Engelborghs Y, D’ Hoore A, Fitzgerald TJ. Interactions of a bicyclic analog of colchicine
with β-tubulin isoforms αβII, αβIII, αβIV. Eur J Biochem 1997:246:420–424.

64. Menendez M, Laynez J, Medrano FJ, Andreu JM. A thermodynamic study of the interaction of tubu-
lin with colchicine site ligands. J Biol Chem 1989;264:16,367–16,371.

65. Banerjee A, Luduena RF. Kinetics of colchicine binding to purified beta-tubulin isotypes from bovine
brain. J Biol Chem 1992;267:13,335–13,339.

66. Luduena RF. Multiple forms of tubulin: Different gene products and covalent modifications. In:
International Review of Cytology - a Survey of Cell Biology, vol 178, 1998; pp 207–275.

67. Mukhopadhyay K, Parrack PK, Bhattacharyya B. The carboxy terminus of the α-subunit of tubulin
regulates its interaction with colchicine. Biochemistry 1990;29:6845–6850.

68. Pal D, Mahapatra P, Manna T, et al. Conformational properties of alpha-tubulin tail peptide:
Implications for tail-body interaction. Biochemistry 2001;40:15,512–15,519.

69. Andreu JM, Gorbinoff MJ, Medrano FJ, Rossi M, Timasheff SN. Mechanism of colchicine 
binding to tubulin: tolerance of substituents in ring C′ of biphenyl analogues. Biochemistry 1991;30:
3777–3786.

70. Medrano FJ, Andreu JM, Gorbunoff MJ, Timasheff SN. Roles of the ring C oxygens in the binding
of colchicine to tubulin. Biochemistry 1991;30:3770–3777.

71. Perez-Ramirez B, Gorbunoff MJ, Timasheff SN. Linkages in tubulin-colchicine functions: The role
of the ring C (C′) oxygens and ring B in the controls. Biochemistry 1998;37:1646–1661.

72. Andreu JM, Perez-Ramirez B, Gorbunoff MJ, Ayala D, Timasheff SN. Role of the colchicine ring A
and its methoxy groups in the binding to tubulin and microtubule inhibition. Biochemistry 1998;37:
8356–8368.

276 Bane



73. Shi Q, Chen K, Morris-Natschke SL, Lee KH. Recent progress in the development of tubulin
inhibitors as antimitotic antitumor agents. Curr Pharm Des 1998;4:219–248.

74. Brossi A, Yeh HJC, Chrzanowska M, et al. Colchicine and its analogs—recent findings. Med Res Rev
1988;8:77–94.

75. Boye O, Brossi A. Tropolonic Colchicum alkaloids and all congeners. In: The Alkaloids, Brossi A,
ed. Academic Press, New York, vol 41, 1992; pp 125–176.

76. Capraro HG, Brossi A. Tropolonic Colchicum alkaloids. In: The Alkaloids, Brossi A, ed. Academic
Press, New York, vol XXIII, 1984; pp 1–70.

77. Lee KH. Anticancer drug design based on plant-derived natural products. J Biomed Sci
1999;6:236–250.

78. Cramer RD, Patterson DE, Bunce JD. Comparative Molecular-Field Analysis (CoMFA) .1. Effect of
shape on binding of steroids to carrier proteins. J Am Chem Soc 1988;110:5959–5967.

79. Brown ML, Rieger JM, Macdonald TL. Comparative molecular field analysis of colchicine inhibition
and tubulin polymerization for combretastatins binding to the colchicine binding site on β-tubulin.
Bioorg Med Chem 2000;8:1433–1441.

80. Zhang SX, Feng J, Kuo SC, et al. Antitumor agents. 199. Three-dimensional quantitative
structure–activity relationship study of the colchicine binding site ligands using comparative molec-
ular field analysis. J Med Chem 2000;43:167–176.

81. Polanski J. The non-grid technique for modeling 3D QSAR using self-organizing neural network
(SOM) and PLS analysis: Application to steroids and colchicinoids. SAR QSAR Environ Res
2000;11:245–261.

82. Polanski J. Self–organizing neural network for modeling 3D QSAR of colchicinoids. Acta Biochim
Pol 2000;47:37–45.

83. Ducki S, Mackenzie G, Lawrence NJ, Snyder JP. Quantitative structure-activity relationship (5D-
QSAR) study of combretastatin-like analogues as inhibitors of tubulin assembly. J Med Chem
2005;48:457–465.

84. Berg U, Deinum, J., Lincoln, P., and Kvassman, J. (1991) Stereochemistry of colchicinoids.
Enantiomeric stability and binding to tubulin of desacetamidocolchicine and desacetamidoiso-
colchicine. Bioorg. Chem. 19, 53–65.

85. Brossi A, Boye O, Muzaffar A, et al. aS,7S-absolute configuration of natural (−)-colchicine and allo-
congeners. FEBS Lett 1990;262:5–7.

86. Roesner M, Capraro HG, Jacobson AE, et al. Biological effects of modified colchicines. Improved
preparation of 2-demethylcolchicine, 3-demethylcolchicine, and (+)-colchicine and reassignment of
the position of the double bond in dehydro-7-deacetamidocolchicines. J Med Chem 1981;24: 257–261.

87. Berg U, Bladh H. The absolute configuration of colchicine by correct application of the CIP rules.
Helv Chim Acta 1999;82:323–325.

88. Sun L, Hamel E, Lin CM, Hastie SB, Pyluck A, Lee KH. Antitumor Agents .141. Synthesis and bio-
logical evaluation of novel thiocolchicine analogs - N-acyl-(substituted benzyl)deacetylthio-
colchicines, and N-aroyl-(substituted benzyl)deacetylthiocolchicines, and (substituted benzyl)
deacetylthiocolchicines as potent cytotoxic and antimitotic compounds. J Med Chem 1993;36:
1474–1479.

89. Sun L, McPhail AT, Hamel E, et al. Antitumor Agents .139. synthesis and biological evaluation of
thiocolchicine analogs 5,6-dihydro-6(S)-(acyloxy) and 5,6-dihydro-6(S)- (aroyloxy)methyl -1,2,3-
trimethoxy-9-(methylthio)-8H-cyclohepta[a]naphthalen-8-ones as novel cytotoxic and antimitotic
agents. J Med Chem 1993;36:544–551.

90. Shi Q, Verdier-Pinard P, Brossi A, Hamel E, Lee KH. Antitumor agents—CLXXV. Anti-tubulin action
of (+)-thiocolchicine prepared by partial synthesis. Bioorg Med Chem 1997;5:2277–2282.

91. Shi Q, VerdierPinard P, Brossi A, Hamel E, McPhail AT, Lee KH. Antitumor agents .172. Synthesis
and biological evaluation of novel deacetamidothiocolchicin-7-ols and ester analogs as antitubulin
agents. J Med Chem 1997;40:961–966.

92. Shi Q, Chen K, Chen X, et al. Antitumor agents. 183. Syntheses, conformational analyses, and anti-
tubulin activity of allothiocolchicinoids. J Org Chem 1998;63:4018–4025.

93. Yeh HJC, Chrzanowska M, Brossi A. The importance of the phenyl-tropolone ‘aS’ configuration in
colchicine’s binding to tubulin. FEBS Lett 1988;229:82–86.

94. Lin CM. Singh SB, Chu PS, et al. Interactions of tubulin with potent natural and synthetic analogs of
the antimitotic agent combretastatin—a structure-activity study. Mol Pharmacol 1988;34:200–208.

Chapter 11 / Molecular Features of the Interaction of Colchicine 277



95. Lincoln P, Nordh J, Deinum J, Angstrom J, Norden B. Conformation of thiocolchicine and 2 B-ring-
modified analogs bound to tubulin studied with optical spectroscopy. Biochemistry 1991;30:
1179–1187.

96. Berg U, Bladh H, Svensson C, Wallin M. The first colchicine analogue with an eight membered B-
ring. Structure, optical resolution and inhibition of microtubule assembly. Bioorg Med Chem Lett
1997;7:2771–2776.

97. Edwards DJ, Pritchard RG, Wallace TW. Fine-tuning of biaryl dihedral angles: structural characteri-
zation of five homologous three-atom bridged biphenyls by X-ray crystallography. Acta Cryst B
2005;61:335–345.

98. Banwell MG, Peters SC, Greenwood RJ, Mackay MF, Hamel E, Lin CM. Semisyntheses, X-ray crys-
tal-structures and tubulin-binding properties of 7-oxodeacetamidocolchicine and 7-oxodeacetami-
doisocolchicine. Aust J Chem 1992;45:1577–1588.

99. Buttner F, Bergemann S, Guenard D, Gust R, Seitz G, Thoret S. Two novel series of allocolchicinoids
with modified seven membered B-rings: design, synthesis, inhibition of tubulin assembly and cyto-
toxicity. Bioorg Med Chem 2005;13:3497–3511.

100. Hastie SB, Williams RC, Puett D, Macdonald TL. The binding of isocolchicine to tubulin - mecha-
nisms of ligand association with tubulin. J Biol Chem 264:6682–6688.

101. Kerekes P, Sharma PN, Brossi A, Chignell CF, Quinn FR. Synthesis and biological effects of novel
thiocolchicines. 3. Evaluation of N-acyldeacetylthiocolchicines, N-(alkoxycarbonyl)deacetylthio-
colchicines, and O-ethyldemethylthiocolchicines. New synthesis of thiodemecolcine and
antileukemic effects of 2-demethyl- and 3-demethylthiocolchicine. J Med Chem 1985;28:1204–1208.

102. Staretz ME, Hastie SB. Synthesis and tubulin binding of novel C-10 analogs of colchicine. J Med
Chem 1993;36:758–764.

103. Andres CJ, Bernardo JE, Yan Q, Hastie SB, Macdonald TL. Combretatropones—Hybrids of combre-
tastatin and colchicine—synthesis and biochemical evaluation. Bioorg Med Chem Lett 1993;3:
565–570.

104. Hahn KM, Humphreys WG, Helms AM, Hastie SB, Macdonald TL. Structural requirements for the
binding of colchicine analogs to tubulin—the role of the C-10 substituent. Bioorg Med Chem Lett
1991;1:471–476.

105. Janik ME, Bane SL. Synthesis and antimicrotubule activity of combretatropone derivatives. Bioorg
Med Chem 2002;10:1895–1903.

106. Deveau AM, Macdonald TL. Practical synthesis of biaryl colchicinoids containing 3′,4′-catechol
ether-based A-rings via Suzuki cross-coupling with ligandless palladium in water. Tetrahedron Lett
2004;45:803–807.

107. Cushman M, Nagarathnam D, Gopal D, Chakraborti AK, Lin CM, Hamel E. Synthesis and evalua-
tion of stilbene and dihydrostilbene derivatives as potential anticancer agents that inhibit tubulin poly-
merization. J Med Chem 1991;34:2579–2588.

108. Cushman M, Nagarathnam D, Gopal D, He HM, Lin CM, Hamel E. Synthesis and evaluation of
analogs of (Z)-1-(4-methoxyphenyl)-2-(3,4,5-trimethoxyphenyl)ethene as potential cytotoxic and
antimitotic agents. J Med Chem 1992;35:2293–2306.

109. Banwell MG, Cameron JM, Corbett M, et al. Synthesis and tubulin-binding properties of some AC-
ring and ABC-ring analogs of allocolchicine. Aust J Chem 1992;45:1967–1982.

110. Boye O, Brossi A, Yeh HJC, Hamel E, Wegrzynski B, Toome V. Natural-products - antitubulin effect
of congeners of N-acetylcolchinyl methyl-ether - synthesis of optically-active 5-acetamido-
deaminocolchinyl methyl-ether and of demethoxy analogs of deaminocolchinyl methyl-ether. Can J
Chem 1992;70:1237–1249.

111. Gaukroger K, Hadfield JA, Lawrence NJ, Nolan S, McGown AT. Structural requirements for the
interaction of combretastatins with tubulin: how important is the trimethoxy unit? Org Biomol Chem
2003;1:3033–3037.

112. Nogales E, Wolf SG, Downing KH. Structure of the αβ tubulin dimer by electron crystallography.
Nature 1998;391:199–203.

113. Downing KH. Structural basis for the interaction of tubulin with proteins and drugs that affect micro-
tubule dynamics. Annu Rev Cell Dev Biol 2000;16:89–111.

114. Downing KH, Nogales E. New insights into microtubule structure and function from the atomic
model of tubulin. Eur Biophys J 1998;27:431–436.

115. Ravelli RBG, Gigant B, Curmi PA, et al. Insight into tubulin regulation from a complex with
colchicine and a stathmin-like domain. Nature 2004;428:198–202.

278 Bane



116. Williams RF, Mumford CL, Williams GA, et al. A photoaffinity derivative of colchicine: 6-(4′-azido-
2′-nitrophenylamino)hexanoyldeacetylcolchicine. Photolabeling and location of the colchicine-bind-
ing site on the α-subunit of tubulin. J Biol Chem 1985;260:13,794–13,802.

117. Floyd LJ, Barnes LD, Williams RF. Photoaffinity labeling of tubulin with (2-nitro-4-azidophenyl)
deacetylcolchicine: direct evidence for two colchicine binding sites. Biochemistry 1989;28:8515–8525.

118. Bai RL, Covell DG, Pei XF, et al. Mapping the binding site of colchicinoids on β-tubulin - 2-
chloroacetyl-2-demethylthiocolchicine covalently reacts predominantly with cysteine 239 and sec-
ondarily with cysteine 354. J Biol Chem 2000;275:40,443–40,452.

119. Luduena RF, Roach MC. Tubulin sulfhydryl-groups as probes and targets for antimitotic and antimi-
crotubule agents. Pharmacol Ther 1991;49:133–152.

120. Hari M, Wang YQ, Veeraraghavan S, Cabral F. Mutations in α- and β-tubulin that stabilize micro-
tubules and confer resistance to Colcemid and vinblastine. Mol Cancer Ther 2003;2:597–605.

121. Wang YQ, Veeraraghavan S, Cabral F. Intra-allelic suppression of a mutation that stabilizes micro-
tubules and confers resistance to colcemid. Biochemistry 2004;43:8965–8973.

122. Bhattacharyya B, Wolff J. Immobilization-dependent fluorescence of colchicine. J Biol Chem 1984;
259:11,836–11,843.

123. Nguyen TL, McGrath C, Hermone AR, et al. A common pharmacophore for a diverse set of
colchicine site inhibitors using a structure-based approach. J Med Chem 2005;48:6107–6116.

Chapter 11 / Molecular Features of the Interaction of Colchicine 279



12 Antimicrotubule Agents 
That Bind Covalently to Tubulin

Dan L. Sackett
CONTENTS

INTRODUCTION

CYSTEINE REACTIVE REAGENTS

NONCYSTEINE REACTIVE COMPOUNDS

UNKNOWN REACTIVITY

MICROTUBULE STABILIZERS

ACKNOWLEDGMENTS

REFERENCES

SUMMARY

The binding of most microtubule inhibitors (MTI) is reversible. Most of these
inhibit the polymerization of tubulin to microtubules (MT), but an important group
promotes polymerization and stabilizes MT. A subset of MTI are not reversible due to
covalent adduct formation with tubulin. Some of these agents are quite specific in the
amino acid residue targeted for reaction, while others are less specific, though still tar-
geting MT function in cells. Almost all reactive MTI cause loss of MT, but one reac-
tive agent is known that stabilizes MT. Many reactive MTI target cysteines in tubulin,
especially in β-tubulin, although MTI are known that target lysine and other residues.
Reactive MTI include organic, inorganic, natural, and synthetic compounds, environ-
mental toxicants as well as potential therapeutics.

Key Words: Tubulin; sulfhydryl; cysteine; heavy metals; mercury; cisplatin; lysine.

1. INTRODUCTION

Most microtubule (MT) inhibitors (MTI) bind reversibly either to the tubulin dimer,
inhibiting assembly, or to the MT polymer, inhibiting disassembly. However, not all
MTI interact by reversible interactions; some mediate covalent modifications of tubulin
that result in inhibition of MT function. To date, all of these compounds inhibit assem-
bly of tubulin to MT, but in principle such compounds could also be MT stabilizers.
At one level, virtually any molecule that can react with proteins can probably inhibit MT
polymerization from purified tubulin. Indeed, just adding sufficient HCl will do the same
thing. Much useful information has been obtained about structural requirements for tubu-
lin polymerization by using general reagents that react with specific groups on proteins
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(hence more specific than HCl). These reagents react with any such residue on essentially
any protein on which that group is exposed. Some such studies will be mentioned in this
review. But the main focus is on molecules that react covalently with tubulin with some
specificity, as opposed to other proteins. In addition to reacting with tubulin, molecules
considered here inhibit assembly of MT from purified protein as well as in cells. Many
of these covalent MTI are of interest precisely because they are active in a cellular—and
whole organism—context, and some are in clinical development or current use.

Covalent MTI are a diverse set of molecules, though not as numerous as the reversibly
binding MTI. Many to most of these reactive compounds form covalent bonds with the
sulfhydryl moiety of cysteine residues. Of these compounds, some show remarkable
residue specificity among the many cysteines of tubulin. Others react with multiple cys-
teines, though perhaps preferentially with particular residues, especially at low concen-
trations that select for the most reactive cysteines. Most reversible MTI bind to β-tubulin,
and this is also true of these covalent MTI. However, it is certainly not true of all of them,
at least in reactions with purified tubulin. Many clearly react with both α- and β-tubulin,
and at least one is specific to α-tubulin. Some react with other proteins, but their reaction
with tubulin appears to drive the biological response (e.g., mitotic arrest).

It is perhaps remarkable that the biological activity, measured as the range of cyto-
toxic IC50 or MT polymerization-inhibitory concentrations with purified tubulin or MT
subunits, is not remarkably different for these irreversible inhibitors compared with the
more well-known reversible inhibitors. In fact, many of the compounds reviewed here
require higher concentrations to achieve their MTI effect. This may be because of
two things. First, many reversible binders nonetheless bind with very high-affinity.
Colchicine is an example. Once formed, the colchicine–tubulin complex, though non-
covalent, is essentially irreversible on a time-scale long in terms of molecular diffusion
(i.e., many tens of minutes). Others bind with high intrinsic affinity, whereas remaining
easily displaceable such as taxol. Second, many covalent binders are slow to form com-
plexes, possibly reflecting the need for conformational changes in tubulin to expose the
reactive residues.

The compounds are grouped by reactive site on tubulin. First are compounds known
to react with cysteine. These fall into two categories, based on the current knowledge of
their reaction site: those with a specific, known residue of reaction, and those with pos-
sibly broader reactivity at unknown cysteine residues, some of which may react with a
specific, but not yet known residue. Second are compounds that react at noncysteine
residues. The first group here shows high site specificity on tubulin. The final group of
compounds react at multiple (and not always known) amino acid residues, yet appear to
produce typical MTI effects in cells and in purified systems, suggesting a functional
specificity that belies their apparent chemical nonspecificity.

1.1. Terminology/Methodology/Mechanisms
It is probably useful to clarify a number of points before proceeding. These have to

do with terminology used to describe tubulin structures and preparations of tubulin and
other MT proteins, methodology used to quantitate sulfhydryls, and a discussion of
mechanisms of action of anti-MT agents. In terminology, several terms will be used that
require some clarification. The first is the term “MT,” which is used to mean a micro-
tubule or many microtubules. In biological terms, of course, the singular is almost never
relevant: MT act in groups, frequently large arrays, as in the mitotic spindle.
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Preparations of purified MT proteins are often referred to as MTP or tubulin, which
are not identical. Preparations of MT proteins that consist of the tubulin core with all of
the associated proteins (microtubule associated proteins; MAPs) that copolymerize, are
termed microtubule protein, or MTP. In its usual preparation, MTP contains tubulin
(85–95%) and a collection of MAPs that include structural MAPs that regulate assembly
(such as MAP1, MAP2, and tau) as well as ATPase motor proteins (such as kinesin and
dynein). It is perhaps worth noting that although “MTP” contains the term “MT,” the
preparation is usually depolymerized and contains no MT, until it is deliberately induced
to assemble. Tubulin purified away from the MAPs is referred to as “purified tubulin” or
just “tubulin.” Tubulin so purified consists of depolymerized α-β dimers until it is delib-
erately induced to polymerize. When the term “tubulin” is used it is assumed to be non-
polymerized dimer, not monomer or MT, unless specified as polymerized tubulin or MT.
If only one monomer is intended, it will be referred to as α- or β-tubulin.

There are multiple genes for mammalian α- and β-tubulin, expressed in a tissue- and
developmental stage-specific manner. This isotype diversity is discussed in the chapter
by Luduena (Chapter 40). Isotype differences have little relevance to covalent MTI, at
least as currently known, except for one. The β-III isotype, expressed in neural tissue,
has a serine at position 239 instead of the cysteine that all other β-isotypes contain. As
β239cys is one of the most reactive cysteines in tubulin, this isotype difference becomes
relevant in discussing the MTI that target cysteines.

Another source of chemical diversity in tubulins is post-translational modification.
Both α- and β-tubulin undergo many post-translational modifications (see the chapter
by Luduena, Chapter 40). Here, the most significant post-translational modifications are
detyrosination of the α-tubulin carboxyl terminus, and acetylation of lysine near the
amino terminus. Both of these modifications are associated with stable, low-turnover
MT (such as axonal or flagellar MT), as opposed to dynamic MT that lack these modi-
fications such as mitotic MT.

The principal methodology that may require comment is the quantiation of sulfhydryls,
most commonly accomplished with dithiobis-(nitrobenzoic acid) (DTNB). A free
sulfhydryl or thiol group on a protein (more correctly the thiolate form) can react with the
disulfide group in DTNB, forming a protein-disulfide-linked nitrobenzoic acid group and
a free nitrobenzoic acid thiolate anion, whose absorbance at 410 nm can be used to quan-
titate the release of anion, and hence the protein sulfhydryls that reacted with DTNB (1).

The detailed mechanism of action of anti-MT agents is often ambiguous or ambigu-
ously reported. As MT polymerization requires the (usually reversible) assembly of
tubulin dimers, anti-MT agents could target the dimer only, preventing assembly, or the
polymer only, stabilizing the polymerized form and preventing disassembly. Other pos-
sibilities exist: e.g., a compound could bind to the dimer, preventing assembly into MT
as well as binding to MT, causing disassembly. Indeed, several compounds are known
that show this combination of actions such as vinblastine. When assayed with MTP or
purified tubulin, it may be possible to distinguish between 

1. Binding to the dimer and thereby preventing assembly and consequently causing loss of
MT polymer in a reversible system and 

2. Binding to preformed MT and consequently directly inducing depolymerization of MT. 

This distinction is often not made in the literature and may be difficult or impossible
to infer after the fact. 
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When MTI are added to cells, the mechanistic details are usually not accessible, in
principle, and the experimental observables are either changes in the dynamics of the
MT, or much more commonly, a change in the number density or mass of MT (e.g., by
immunofluorecent staining of cells), or in the fraction of tubulin in polymer (MT) form,
assayed by Western blots of pelletable MT vs supernatant dimeric tubulin. In any case,
the observable is usually loss- or gain-of-MT, but the detailed path to that end is not
clear. Therefore, a statement that treatment of cells with agent X results in loss of MT
does not imply that the agent acts directly on MT polymer as opposed to acting on the
dimer, disfavoring polymerization.

2. CYSTEINE REACTIVE REAGENTS

Near neutral pH, sulfhydryl groups are the most reactive residues in proteins, and
hence, it is perhaps not surprising that most small antimitotic molecules that react with
tubulin do so through reactions at cysteine residues (2) This is not limited to tubulin;
cysteine-reactive compounds have been developed as candidate clinical agents that
target other proteins as well (3,4).

2.1. Tubulin Cysteine Residues
The tubulin heterodimer has 20 cysteine residues and in native tubulin all are reduced

and reactive (as with DTNB), although with varying reactivities (5–7). Binding of many
reversible ligands to tubulin alters the reaction of some or many sulfhydryl residues,
because of steric protection by the ligand, and/or to allosteric changes in the structure
of the tubulin dimer (6–10). MT polymerization has long been known to be sensitive to
sulfhydryl modification. Oxidation or alkylation of sulfhydryls was shown by many lab-
oratories to prevent polymerization of purified MTP as well as purified tubulin (11–13)
These early studies demonstrated that modification of as few as two sulfhydryls could
prevent MT assembly.

Many cys-reactive drugs show significant selectivity for particular residues on
tubulin. This appears to be partially because of details of the structure of the small
molecules, reflected in structure-activity studies that demonstrate the significance of
alterations to portions of the molecule distinct from the sulfhydryl-reactive moiety.
However, it is also because of intrinsic reactivity differences between different cysteine
residues in the protein (5). This is reflected in the ability of some “general sulfhydryl-
active” compounds to exhibit residue and activity-specific reactivity. Examples are the
preference of mono-bromobimane for reactivity with βcys239 (10) and the ability of
N-ethylmaleimide-blocked tubulin to selectively interfere with (–)-end assembly (14).
The numerous publications on the selectivity of bifunctional sulfhydryl reagents (sum-
marized in ref. 9) presumably reflect a combination of site reactivity and especially site
separation.

It is important to note that the reactivity of cysteine residues with sulfhydryl-directed
reagents is not a function only, or even primarily, of the degree of exposure of a given
residue to the solvent. This is well-illustrated by studies of the reactivity of particular cys-
teine residues of tubulin. Surface exposed cysteines can be made nearly unreactive (for
example with iodoacetamide) by neighboring acidic residues (aspartic or glutamic acid),
and more buried cysteines can be made quite reactive by the presence of neighboring
basic groups such as lysine (5). Cysteine reactivity (for example with DTNB) is often
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taken in the literature as the same as solvent exposure, and of course a soluble reactant
cannot react with a cysteine residue if that residue is not at least transiently exposed to
the solvent. However, the average position of that cysteine residue may be somewhat or
even considerably buried, as revealed by the crystal structure, for example.

2.2. Tubulin βcys239
Most of the cysteine residues in tubulin are buried in the electron crystallographic

model (15) of the tubulin dimer (6). Indeed, four of the five fastest reacting cysteines in
tubulin are buried (5). The issue of solvent exposure is well-illustrated by the case of
βcys239. This cysteine residue reacts rapidly with general sulfhydryl-reactive agents
such as monobromobimane (10), iodoacetamide, or N-ethylmaleimide (5). It is also the
site of reaction of several site-specific MTI, as discussed later. The position of this
residue is shown in several views in (Fig. 1). As shown in the upper two panels of Fig. 1,
βcys239 is located near the α-β intradimer contact, and is not exposed on the surface of
the protein. The buried status of the residue is better illustrated in the space-filling mod-
els in the two lower panels. The lower left panel shows the whole dimer with the water-
exposed surface shown in blue. The sulfur atom of βcys239 is shown in yellow and is
barely visible through a small “window” in the β surface. This is shown in an enlarged
view in the lower right panel, slightly turned. The diameter of the opening is about 6.4 Å,
shown by the dotted line. Thus, the residue can be considered solvent exposed in that a
water molecule with diameter of approx 2.8 Å could contact it. However, the high reac-
tivity of this residue to molecules much larger than water must be because of transient
opening of the protein structure (breathing) and/or electrostatic activation (5,6).

2.3. Specific Site Agents 
Specific site agents are those demonstrated to react preferentially with one residue/site.

A number of agents have been shown to react with considerable, if not exclusive, speci-
ficity with a particular cysteine residue. These all apparently react with βcys239. The struc-
tures of the various agents are not obviously related, and all interfere with colchicine
binding or are interfered with by colchicine binding.

2.3.1. ARYL-PENTAFLUOROSULFONAMIDES

The closely related aryl-pentafluorosulfonamide agents T138067 and T113242
(Fig. 2) react covalently with tubulin, alkylating βcys239. Colchicine, but not vinblas-
tine competes for binding of these agents to purified tubulin. Treatment of cells with
T138067 disrupts MT polymerization, leading to G2/M blockade, induction of apopto-
sis, and an increase in chromosomal ploidy in surviving cells. IC50 in cell culture is
10–8–10–7 M, and is not substantially affected by the multidrug resistance (MDR)
phenotype (16,17). Exposure of MCF7 human breast carcinoma cells to radioactive
T138067 followed by sodium dodecyl sulfate (SDS) electrophoresis revealed a single
radioactive band, corresponding to tubulin, and shown to be tubulin by immunoprecipitation
with anti-β tubulin antibodies. Further studies with β-isotype-specific antibodies
revealed binding to βII and βIV, the major β-isotypes in these cells. Some labeling was
found of the small amount of βI, but none could be found with βIII (16) Thus, in the
cell this compound appears to react only with tubulin, and specifically β-tubulin. The
reaction with purified tubulin demonstrated that this is largely with βcys239 (10,16).
This explains the lack of reaction with βIII, as this isotype has a serine, not a cysteine,
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Fig. 1. The position and exposure of cysteine 239 in β-tubulin (βcys239). The tubulin heterodimer is
shown with β-tubulin on top and α-tubulin below, based on the electron crystallographic model JFF1
(15). GDP in α and GTP in β are shown in ball-and-stick representation and βcys239 is shown in
space-filling format near the α-β intradimer interface. Panel A shows the dimer from the “side,” with
the dimer surface exposed on the microtubule surface to the right, and the surface exposed in the MT
lumen to the left. Panel B shows the dimer in A rotated 90° to the right. The sulfur in βcys239 is more
visible as a yellow sphere centered left-right and near the intradimer interface. Panel C shows the
same view as B, but in space-filling mode. The outer surface of the dimer is colored blue and repre-
sents the surface of closest approach of a water molecule rolling over the dimer. The cysteine βcys239
can be seen in color through a small “window.” Panel D shows a close in view of the “window.” The
sulfur of βcys239 can be seen in yellow. The diameter of the opening is approx 6.5 Å, allowing
passage of water (2.8 Å diameter), but restrictive to larger molecules such as DTNB. To view this figure
in color, see the insert and the companion CD-ROM.
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Fig. 2. The structures of the aryl-pentafluorosulfonamide agents T138067 and T113242.

Fig. 3. The structure of DCBT, dichlorobenzylthiocyanate.

at this position. The reaction is not totally specific to βcys239, as alklyation of βcys12
is also observed, even under mild reaction conditions (10). Nonetheless, at large excess
of drug to tubulin (60-fold excess) and long incubation time (8 h at 37°C), reaction is
limited to β, and is largely limited to βcys239 (16). This appears to be the site impor-
tant in the cellular action of these compounds.

2.3.2. DICHLOROBENZYL THIOCYANATE

Chlorinated derivatives of benzyl thiocyanate have been shown to induce mitotic
arrest and disrupt intracellular microtubules (18). This activity was most studied with
2,4-dichlorobenzyl thiocyanate (DCBT) (Fig. 3), and shown to be because of alkylation
of tubulin sulfhydryls (19). With equimolar DCBT and tubulin, reaction is mostly with
β-tubulin, but a higher drug:tubulin ratio (5:1) resulted in nearly equal reaction with both
subunits. Significantly, when cells were exposed to radioactive DCBT and extracts exam-
ined by SDS electrophoresis, the most prominent band corresponded to β-tubulin,
although multiple other proteins were also labeled, including one corresponding to 
α-tubulin (19). Subsequently, it was shown that the site of reaction on tubulin is βcys239
at low drug:tubulin ratios (1:5) (20). Tubulin polymerization is inhibited by low ratios of
DCBT to tubulin, indicating that βcys239 is essential for MT assembly. Preincubation of
tubulin with colchicine prevents reaction with DCBT, but DCBT does not prevent
colchicine binding, indicating that βcys239 is not essential for colchicine binding (20).



2.4. Cysteine-Reactive Compounds of Unknown Site Specificity
A number of compounds are known that interfere with microtubule function by reac-

tion with unknown or multiple tubulin sulfhydryls. In fact, virtually any compound that
can react with sulfhydryls can inhibit MT polymerization. However, as detailed earlier,
most of those compounds do not meet the criteria for inclusion here: specificity to tubu-
lin in reaction and/or biological inpact. Those compounds included here are probably not
exhaustive of the category, but were chosen either because of clinical importance as a ther-
apy, or alternatively, clinical importance as a toxicant found in food or the environment.
The former category includes organic natural products and analogs, whereas the latter
includes both inorganic heavy metal salts and organometalic compounds. Although some-
what arbitrary, the discussion of the latter group will be separated into inorganic and
organometalic compounds, even though the active metal may be the same, as with mer-
cury salts and methylmercury. Equally arbitrarily, discussion of unsaturated aldehydes
which can react with cysteines will be defered until a later section whose main topic is
aliphatic aldehydes, which react with lysines.

2.4.1. ORGANIC COMPOUNDS–ETHACRYNIC ACID

Ethacrynic acid (Fig. 4) is a sulfhydryl reactive diuretic, under investigation for use
as an ocular hypotensive agent in the treatment of glaucoma. It is thought that its use-
fulness in this context may be because of alteration of MT in trabecular meshwork cells,
leading to increased aqueous humor outflow (21,22). It has long been recognized as an
anti-MT agent, which can inhibit colchicine binding to tubulin and whose inhibitory
action can be prevented (or partially reversed) by added sulfhydryl agents such as mer-
captoethanol (23). Reaction of the tubulin sulfhydryl is likely with the α, β-unsaturated
carbonyl of ethacrynic acid, and reduction of either component of this moiety causes
loss of activity (22). Exposure of purifed tubulin or MTP to ethacrynic acid inhibited
polymerization in a dose- and preincubation time-dependent manner, accompanied by
loss of titrable sulfhydryl residues. Loss of approx two sulfhydryl residues corre-
sponded to 50% inhibition of polymerization (24). Studies with the bifunctional
sulfhydryl agent N,N′-ethylenebis(iodoacetamide) indicated that ethacrynic acid does
not interact with βcys239 or βcys354, but may interact with cys residues 12, 201, or 211
(25). Studies with tubulin prepolymerized to steady state, demonstrated that ethacrynic
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acid could induce disruption of MT in a concentration range (0.1–1 mM) similar to that
for inhibition of polymerization (26). Recent studies have highlighted derivatives of
ethacrynic acid with increased potency in cytoskeletal modulation but lower cytotoxic
potential, although studies with MTP or tubulin were not included (22).

2.4.2. HALO-ACETAMIDOBENZOYL—ETHYL ESTERS OR -UREAS

Halogenated derivatives of acetamido benzoyl ethyl ester and acetamido benzoylurea
have been reported to be cytotoxic agents acting through inhibition of MT polymeriza-
tion. 3-haloacetamido benzoylureas exhibited in vitro cytotoxicity with IC50 values in
the 10–100 nM range, and were not affected by MDR phenotype. MT were lost from
treated cells, resulting in mitotic arrest followed by apoptosis. The chloro analog was
less active than the bromo analog, and 3-iodoacetamido benzoylurea (3-IAABU) (see
Fig. 5) was the most active (27,28). Preincubation with compound inhibited assembly
of tubulin dimer but did not induce disassembly of preassembled MT, indicating bind-
ing to the dimer. 3-IAABU interfered with colchicine binding but not with vinblastine.
It did not displace bound GTP/GDP but did inhibit GTPase activity.

The 3-haloacetamido benzoyl ethyl esters showed similar activity with tubulin and
3-iodoacetamido benzoyl ethyl ester (3-IAABE) was the most active (see Fig. 5).
It inhibited in vitro polymerization of tubulin by reaction with tubulin sulfhydryls.
Exposure of cells to radioactive 3-IAABE resulted in labeling of multiple proteins, but
the major peak on SDS gels corresponded in molecular weight to tubulin and was
bound by an ion exchange resin, as expected for tubulin (29,30). Further incubation
resulted in loss of this band, presumably because of cellular turnover of alkylated tubulin.
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Fig. 5. The structure of the haloacetamidobenzoyl ethyl ester IAABE and the haloacetamidobenzoy-
lurea IAABU.



There is no direct evidence that these compounds react with β-tubulin, or with any par-
ticular amino acid residue. Interference with colchicine binding and the reactivity of
the nearby βcys239 suggest that this may be the site of reaction, but the example of the
arylchloroethylureas (Subheading 3.1.1.), which apparently do not react with this cys-
teine despite similar indirect evidence, suggest caution in this interpretation.

Interestingly, exposure to 3-IAABE resulted in blockade of G1/S transition as well
as mitotic arrest in human leukemia/lymphoma cells as well as early induction of apop-
tosis. Similar treatment with 3-IAABU showed G2/M arrest with later progression to
apoptosis (29,30). The G1/S arrest was also observed in cells, which had taken up the
isolated and purified covalent tubulin drug complex, purified following reaction of tubu-
lin with 3-IAABE. These results suggest a role for tubulin/MT in the G1/S transition, as
has also been observed in cells treated with taxol (31–33). The reason that a G1/S arrest
is observed with 3-IAABE and not 3-IAABU is not clear.

2.4.2.1. Inorganic Compounds. Heavy metal salts have been long known to induce
alterations of cellular structure that have been shown to be because of disruption of the
cytoskeleton and MT in particular. A wide variety of metals have been shown to perturb
MT, although some only at very high concentrations (34). Aluminum has been reported to
increase MT polymerization (35), but most other metals both inhibit tubulin polymeriza-
tion by binding to the dimer and induce depolymerization of preformed MT by binding to
MT. Notable in this regard are mercury and arsenic.

Inorganic mercury (Hg2+) has long been appreciated to be a neurotoxicant, and has
also been shown to be genotoxic because of disruption of MT function (36,37). Tubulin
assembly is inhibited by stoichiometric or slightly substoichiometric Hg2+ salts, and is
independent of the anion (37–39). Preformed MT are depolymerized by addition of
Hg2+ at similar concentrations (38), and this also occurs in cultured cells (40). Inhibition
of polymerization is prevented by preaddition of sulfhydryl agents (100–500-fold of 
β-mercaptoethanol or dithiothreitol (DTT) over Hg2+), and is reversible upon such
addition after exposure of tubulin to the Hg2+ salt (36,38). Interestingly, complexation
of the Hg2+ with chelators such as ethylenediamine tetra acetic acid (EDTA), ethylene
glycol–bis (2–aminoethylether)–N, N, N′, N′–tetraacetic acid (EGTA), or nitrilotriacetic
acid (NTA) does not prevent the inhibition of MT assembly (40). Chelators may poten-
tiate the action, reducing the concentration required for inhibition (39), although this
has not always been observed (37). Hg–EDTA appears to inhibit the interaction of GTP
with the E-site of β-tubulin, possibly resulting in the inhibition of polymerization (39).

The action of Hg2+ and Hg-chelator complexes on MT is most likely because of
reaction with sulfhydryl(s), consistent with the protection by sulfhydryl agents, though
the residues involved are not known. From the stoichiometry of inhibition (~1 Hg per
dimer), it is likely that the reaction is with one or two cys residues. As the presence of
metal chelators of high-affinity (Hg–EDTA has a log10 stability constant of approx
21.5 (38) do not prevent reaction with tubulin, the tubulin site must have very high-
affinity for Hg2+. A simple way to account for this is to posit that the site of reaction
involves two nearby cys residues, which react with one Hg2+ ion (Dithiol–Hg com-
plexes have a log10 stability constant of approx 40 (39). The resulting high-affinity of
the site may explain how Hg2+ can target tubulin in a cell filled with other sulfhydryl-
containing proteins and peptides. The identity of these vicinal cys residues on tubulin
remains undefined. 
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It may seem that the requirement that the two cysteine residues be close enough to
bond simultaneously to Hg would narrow the possibilities considerably, but it is not the
case. Both α- and β-tubulin contain sequence-vicinal cysteines. Thus, α-cysteines 315
and 316 or β-cysteine 129 and 131 are possible. However, binding of tubulin to arseni-
cal chromatography media, specific for vicinal dithiol proteins, showed that the tubulin
interaction with the column was significantly weakened by denaturation after adsoption onto
the column. This suggested that the vicinal cysteines responsible for interaction with the
arsenic on the column (likely the same pair as bond with Hg2+) were not close in
sequence, but were close because of the native fold of the protein (41). If one considers
those cysteines whose sulfurs are <10 Å apart as likely candidates for the reactive cys-
teine pair, the number of possibilities is surprisingly large: 15 of the 20 cysteines in
tubulin are close enough to another cysteine residue in the electron crystallographic
model (15) that their sulfur atoms are separated by <10 Å. Thus, identification of the
reactive cysteines will require direct experimental evidence.

Inorganic arsenic has been used medically for several millennia, and has recently
become a focus of interest because of its efficacy in treatment of acute promyelocytic
leukemia, despite the lack of a clear mechanism of action (42–44). A direct effect on MT
is one possible mechanisms being explored, and indeed, inorganic arsenite (As3+) has
been shown to alter MT, both in cultured cells and in purified in vitro systems. Some
reports have examined the effect of sodium arsenite (NaAsO2) (45), but most of the
studies reviewed here have used arsenic trioxide (As2O3), the compound in use clinically.

Treatment of a variety of cell lines (including myeloid leukemia cells as well as lines
from nonsmall cell lung cancer, neuroblastoma, ovarian, cervical, and breast cancer cell
lines) with As2O3 results in accumulation in G2/M, confirmed to be early mitotic arrest
by microscopy (46,47) and other markers (47,48). Effects on cellular MT were reported in
some lines with sodium arsenite (45) and As2O3 (47). Reported effects on purified tubu-
lin vary. As2O3 has been reported to promote polymerization of purified tubulin and to
stabilize polymerized tubulin against cold-induced depolymerization (47). On the other
hand, other reports indicate inhibition of GTP- and paclitaxel-induced polymerization,
although not depolymerization of preformed MT (46,49). One of these papers reports
that As2O3 reaction results in loss of free sulfhydryls in tubulin (49). The other report
suggests that As2O3 inhibits polymerization by inhibiting GTP binding to tubulin. This
is suggested to be because of crosslinking of two cysteine residues (βcys12 and
βcys213) that are known to be near each other when the GTP site is unoccupied (46).
There is no direct evidence that these are the residues of reaction, and the data of Carre
et al. (49) indicate that reaction occurs with more than two cysteine residues (reaction
with ~20% of tubulin SH groups, or four cysteines, results in 60–80% reduction in poly-
merization). The identity of the cysteine residues reacting with As2O3 remains to be
determined. It will be interesting to see if these residues are the same as those involved
in Hg2+ -based reaction with tubulin. In addition, the role of MT in the cellular effects
of As2O3 remains unanswered. This is particularly relevant to understanding the basis
of the efficacy of As2O3 in acute promyelocytic leukemia. It is possible that a β-isotype
reaction bias may be an important factor to investigate in this regard.

2.4.2.2. Organometalic Compounds. Organometal compounds are common naturally
occurring environmental toxicants as well as industrial products and environmental con-
taminants, and have been the cause of significant human poisoning. A number have

Chapter 12 / Covalent Reagents and Tubulin 291



been shown to cause mitotic arrest in cultured cells and to interfere with MT polymer-
ization. The most studied compound, and the cause of most human poisonings is
methylmercury. Other organomercurials have also been considered as well as organo-
compounds of arsenic, tin, and lead.

Methylmercury (MeHg) is the most common organic mercurial, but ethylmercury
and phenylmercury have also been studied in cell culture systems. All have been shown
to cause accumulation of cells in mitosis (50) because of disruption of MT (40,51).
MeHg is a potent neurotoxin as well as being toxic to dividing cells. It easily crosses
the placenta and this leads to embryotoxic and teratogenic effects. MeHg has been the
cause of multiple mass human poisonings because of environmental contamination as
well as deliberate use of MeHg, e.g., as a seed fungicide in agriculture (52). The sensi-
tivity of MT to low concentrations of MeHg may account for the developmental toxic-
ity seen after these events. The high-affinity of organomercurials for sulfhydryls leads
to inhibition of sulfhydryl enzymes, and this sulfhydryl reactivity is clearly the reason
for MT sensitivity, although particular sulfhydryl residues on tubulin that mediate this
sensitivity have not been identified.

MeHg cytotoxicity in cultured mammalian cells has been demonstrated. The IC50 for
MeHg is about 1/10 that for Hg2+, and MeHg does not cause membrane damage as
much as Hg2+. Rather, exposure to MeHg results in specific loss of MT (40).
Concentrations of MeHg that cause loss of most MT do not affect vimentin or actin fil-
aments in PtK-2 cells (53). A cell concentration of MeHg of >0.6 μg/mg protein leads to
loss of MT, and essentially all MT are lost at a concentration of approx 1.6 μg Hg/mg of
protein (54). This corresponds to an intracellular concentration of MeHg of approx 1 μM
(assuming an intracellular protein concentration of 200 mg/mL).

Loss of MT because of exposure to MeHg selectively affects dynamic MT with
tyrosinated α-tubulin, whereas the less dynamic MT with acetylated α-tubulin are
resistant to the effects of MeHg, as with other MT-destabilizing agents (55). All Mt are
not equally sensitive: platelet MT are more sensitive to MeHg than those of lympho-
cytes (56). This may reflect differential isotype expression, as platelets express an
unusual β-isotype (βVI). This is similar to the isotype expressed in avian erythrocytes,
the tubulin from which was previoiusly shown to differ in its sensitivity to sulfhydryl
reagents compared with brain tubulin (57). In that case, sensitivity to mono- and bifunc-
tional iodoacetamide reaction was reduced compared with brain, but it is possible that
the differential sensitivity is reversed for other sulfhydryl agents. In a number of cell
types, MeHg exposure leads to mitotic accumulation, and this has been shown to lead
to induction of apoptosis in PC12 and HeLa cells (58). The sensitivity of P19 mouse
embryonal carcinoma cells to MeHg is altered by induction of neuronal differentiation,
possibly because of altered tubulin isotype expression, or by induced expression of
particular MAPs (55,59).

Studies with purified MTP or pure tubulin have shown that MeHg inhibits polymer-
ization with an IC50 about half the tubulin concentration, or about twice the IC50 for
Hg2+. Both MeHg and Hg2+ cause depolymerization of existing MT, but at higher con-
centrations than required for inhibition of polymerization (40). In a study comparing
polymerization inhibition to cysteine status, it was found that 15, free –SH groups were
measurable with DTNB per tubulin dimer and all could react with MeHg in the unpoly-
merized dimeric protein. Reaction with ≥2 –SH groups per dimer prevented polymer-
ization (60) MeHg can also react with polymerized MT (and induce depolymerization)
with a stoichiometry of 1 MeHg per tubulin dimer (60,61).
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Organolead compounds are second in toxicity only to organomercurials. The most
studied is triethyllead, Et3Pb, a degradation product of the now discontinued antiknock
fuel additive tetraethyllead. Exposure of cultured mammalian cells (Wi38 human
fibroblasts and rat kangaroo PtK-1) to micromolar levels of Et3Pb results in loss of
interphase MT as well as MT of the mitotic spindle. Notably, this effect is reversible by
washing out the agent. Curiously, little increase in mitotic index was observed, and
instead lack of cytokinesis resulted in accumulation of multinucleate cells (62).
Different cell types display differential sensitivity to Et3Pb. Leukemic lymphocytes are
reported to be more sensitive to Et3Pb than normal lymphocytes, possibly because of an
increased pool of unpolymerized tubulin in these cells (63).

In studies with purified MTP or tubulin, Et3Pb was found to prevent polymeriza-
tion and induce disassembly of MT polymers. Inhibition of polymerization was
observed even at ratios as low as 1:30, Et3Pb to tubulin. This also resulted in partial
disassembly of preformed MT. Inhibition is reversed by addition of 100-fold excess
of glutathione or other monothiol compounds (62,64). Surprisingly, it was also
reported that simply gel filtering tubulin that had been made unpolymerizable by reac-
tion with Et3Pb sufficed to restore polymerization levels to untreated levels (64),
although this may explain the easy reversibility of cell effects by washout. Direct
assay of tubulin sulfhydryl content of porcine brain tubulin detected 18 sulfhydryls
per tubulin dimer, and revealed that exposure to Et3Pb reduced this by 2. Even when
present in 100-fold molar excess, Et3Pb caused the same reduction, suggesting a spe-
cific interaction with two distinct thiol groups (62,64). Further indication of the speci-
ficity of this interaction was provided by a lack of interaction of Et3Pb with actin,
which possesses reactive thiols. No evidence for loss of thiols was found, and no
change was observed in actin polymerization (64).

3. NONCYSTEINE REACTIVE COMPOUNDS

Studies with general, amino acid residue-specific- reagents demonstrated some time
ago that polymerization of tubulin was sensitive to reaction with other amino acids in
addition to cysteine. Tryptophan residues were implicated by the inhibition of polymer-
ization (and colchicine binding) by reaction of at least 4–5 of the 8 trp residues with 2-
hydroxy-5-nitrobenzyl bromide (65). Positively charged residues were implicated by
several studies. Carbamoylation of lysine residues, in both α and β-tubulin, resulted in
inhibition of assembly, indicating that some lysines in one or the other or both subunits
were important for assembly (66). The importance of lysine residues is examined later.
2,3-butanedione reacts with arginine residues, and was found to inhibit polymerization
(but not colchicine binding) after reaction with as few as 3 arg residues in tubulin (67).
Histidine residues can be modified by reaction with diethylpyrocarbonate or by photo-
oxidation with methylene blue, and both treatments were shown to inhibit polymeriza-
tion (68). Inhibition required modification of not more than 3 his residues, and was
partially reversible by hydroxylamine, as expected for his modification. A later study
showed that the hydroxylamine-resistant component of diethylpyrocarbonate inhibition
was because of reaction with the N-terminal methionine (69). Despite the possibilities
for side reactions with unintended residues, these studies clearly showed that amino
acids other than cysteine play a critical role in the process of MT polymerization. Since
these studies were reported, a number of new compounds have been described, whose
reaction with tubulin is often much more specific.
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3.1. Residue-Specific Compounds
3.1.1. ARYLCHLOROETHYLUREAS

A series of 1-aryl-3-(2-chloroethyl) ureas (CEUs) have been prepared and studied to
obtain a combination of features of known alklyating agents: the aromatic moiety of
nitrogen mustards such as chlorambucil and the non-nitrosated core of aliphatic
nitrosoureas. The resulting compounds such as 4-tert-butyl-[3-(2-chloroethyl)ureido]phenyl
(tBCEU) (see Fig. 6) showed enhanced cytotoxicity (IC50 1–10 μM for more active agents)
compared with the nitrogen mustard or nitrosourea parent compounds, are not mutagenic,
and do not show reduced effectiveness in cell lines with acquired resistance to other com-
pounds mediated by several different clinically relevant mechanisms (70). Although
derived from DNA alkylating agents, the CEUs are MT disrupting agents. They have
lower alkylating activity (measured with nitrobenzylpyridine), do not cause DNA damage,
and do not react with the thiol of glutathione or glutathione reductase (71). They do induce
G2/M arrest, increase in the mitotic index, and lead to loss of cellular MT. Incubation of
cells with radioactive tBCEU, followed by SDS gel electrophoresis and autoradiography,
revealed reaction with a small number of bands, the major one corresponding to tubulin.
Two dimensional gel separation indicated that the labeled tubulin was β-tubulin. Further
evidence of reaction with β-tubulin was revealed by a time-dependent shift of β-tubulin to
a band of higher mobility on Western blots following exposure of cells to tBCEU and
other active CEUs (70). The shifted band was only found in the soluble tubulin, not MT,
fraction from treated cells, and was not found following treatment with inactive analogs
lacking the chloro-substituent such as tBEU. Possibly the increased mobility in SDS gels
is because of intramolecular crosslinking as has been shown with bifunctional cys-
reactive probes (9), but it is not obvious how such a crosslink would arise from this mono-
functional probe. Induction of the shifted band was prevented by pretreatment of cells
with colchicine but not vinblastine, suggesting alkylation near the colchicine site.
Exposure of neuroblastoma cells to tBCEU followed by Western blotting with a βIII-
specific antibody revealed no shift in position. As βIII has a serine rather than a cysteine,
at position 239, it was proposed that active CEUs act by covalent reaction with βcys239.

Direct examination of the β-tubulin in the shifted band following reaction with either
ICEU or tBCEU revealed that none of the cysteines were modified. The alkylated 
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β-tubulin had a more basic isoelectric point than the unmodified protein, which also was
not consistent with a cysteine reaction. Mass spectrometry of proteolytic fragments of
the alkylated protein showed that the adduct was contained in residues 175–213, and
fragmentation sequencing demonstrated linkage to glutamic acid 198 through an ester
bond (72). This reaction is similar to the established alkylation of an acidic residue
through an ester linkage by chlorambucil, a parent drug of the CEUs (73). βglu198 is
located near the α-β intradimer interface, near the colchicine site, and may play a role
in the conformational changes in the dimer that accompany nucleotide hydrolysis (15).
The lack of reaction with tubulin preincubated with colchicine or containing serine
rather than cysteine at position 239 (i.e., βIII isotype) is proposed to be because of
conformational changes secondary to those changes (72).

A number of analogs contribute to increased understanding of the mechanism of
these agents. Substantial modification of the aryl group is possible without major loss of
cytotoxicity or tubulin reactivity, whereas extension of the chloroalkyl group causes
significant loss of activity (71). A “metabolically stabilized” analog, ICEU (Fig. 6), was
produced to circumvent inactivation of tBCEU by hepatic cytochrome P450, and shown
to be similar to tBCEU in cytotoxicity and tubulin alkylation (74). CEUs with branched
chloroalkyl moieties have been produced by substitution at the carbon β to the chlorine
(75). This can lead to enhanced cytotoxicity and more rapid tubulin alkylation, but also
reveals the stereoselectivity of the binding site, as the addition introduces an asymmet-
ric center, and one enantiomer showed more activity than the other (75).

3.1.2. LYSINE-REACTIVE AND -SPECIFIC—PIRONETIN

Pironetin is a natural product isolated from Streptomyces culture broth (76). It
has shown plant growth regulatory activity, immunosuppressive, and more recently,
antimitotic and antitumor activity (77). Antimitotic activity is reported to be because
of inhibition of MT assembly because of binding to α-tubulin through Michael addi-
tion to αlys352. Pironetin is interesting not only because its activity is because of
reaction with α-tubulin as opposed to β-tubulin, but also because of its relatively sim-
ple structure, consisting of one pyran residue and an alkyl chain (see Fig. 7). Despite
the relatively simple structure and reaction mode, pironetin shows remarkable speci-
ficity for tubulin.

Pironetin is cytotoxic to cultured mammalian cells, exhibiting an IC50 of 20–30 nM
against a variety of tumor cell lines including HeLa, A2780, HL60, and K-NRK cells
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(77,78). Growth inhibition is because of mitotic arrest, also demonstrated in normal rat
fibroblast 3Y1 cells. Treatment of these cells results in disruption of MT, but not actin
filaments, and is slowly reversible (~12 h) following removal of pironetin; the slow
turnover is suggested to be because of turnover of the protein (77,78). Treatment of HL60
cells with pironetin leads to phosphorylation of Bcl2 and induction of apoptosis indicated
by DNA laddering (78). Pironetin showed moderate activity against leukemia cell line
P388 in mice, accompanied by significant weight loss (77).

Pironetin and a number of analogs have been synthesized (79,80). Structure-activity
studies revealed that saturation of the α-β unsaturated lactone, reversal of chirality at the
7-position bearing a hydroxyl, and some alterations of the terminal portion of the alkyl
chain resulted in loss of activity. Demethylation caused little loss of activity, and ester-
ification of the 7-hydroxyl resulted in moderate loss of activity (77,80).

Pironetin inhibits polymerization of MTP or pure tubulin and induces disassembly of
preformed MT. Preincubation with pironetin inhibits vinblastine binding and enhances
colchicine binding. Surface plasmon resonance measurements of tubulin–pironetin
binding yielded a Kd of approx 0.3 μM, compared with approx 2 μM for vinblastine
(78,80). It is not obvious what this number means in the context of a covalent interac-
tion (i.e., where koff presumably = 0), as pironetin is shown to be.

The pironetin binding site and binding mode have been revealed by use of biotin-
pironetin, a biotinylated linker arm esterified to pironetin through the 7-hydroxyl.
Treatment of cells with biotin-pironetin resulted in loss of MT and SDS gel blots of
treated cells reveal covalent linkage to one band corresponding to tubulin (50 kD).
Sequencing of peptides with bound biotin-pironetin gave α-tubulin sequences and
implicated residues 270–370 as the site of binding. Alanine scanning of all cysteine and
lysine residues in this region showed that only loss of αlys352 prevented binding of
biotin-pironetin. This indicates that pironetin binds to α-tubulin through reaction of the
ε-amino group of αlys352, probably with the α-β- unsaturated bond in the pyran group
of pironetin. αlys352 is located in the interdimer contact interface in a cavity formed by
α-helices 8 and 10 and β-sheet8, which faces the GTP binding site on the β-subunit of
the adjacent dimer. αlys352 is near the highly conserved αglu254, and it is proposed
that pironetin binding to lys352 perturbs glu254 and interferes with its normal role in
hydrolysis of GTP on the adjacent β-subunit (81).

3.1.3. LYSINE REACTIVE–NONSPECIFIC

Aldehydes are reactive molecules that can show significant antimitotic activity
because of inhibition of MT polymerization (82). In normal biological circumstances,
the concentration of reactive aldehydes is low, but may become significant in some con-
texts. Acetaldehyde is produced by hepatic metabolic oxidation of ethanol and may be
involved in loss of MT-dependent hepatic function seen upon prolonged exposure to
alcohol (83). In experiments with cultured hepatocytes, significant loss of MT was
observed upon 3 h exposure to 5 mM ethanol, as acetaldehyde accumulated in the media
to 150–300 μM. Inhibiting alcohol dehydrogenase prevented MT loss, showing that this
was because of acetaldehyde production and not to alcohol presence (84). In another
context, acetaldehyde and acrolein are significant components of the volatile fraction of
cigarette smoke. Both compounds caused dose-dependent loss of adhesion and viabil-
ity, accompanied by disruption of MT and disorganization of intermediate filaments and
actin filaments in human gingival fibroblasts (85), and lung fibroblasts (86).
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A number of studies have addressed the mechanism of inhibition of MT polymerization
by simple aldehydes. Acetaldehyde forms stable adducts to tubulin as well as unstable ones
(Schiff bases), which can be stabilized by reduction. After short reaction times, inhibition of
polymerization is observed but is reversed by simple gel filtration (87). Longer reaction
times lead to formation of stable adducts, and this inhibition is not reversed by gel filtration
(87,88). Stable adduct formation occurred with time in the absence of added reductant, and
occurred preferentially on α-tubulin (α/β ratio as high as 3 at low acetaldehyde concentra-
tions), if the reaction was with tubulin dimer. Reaction with MT was reduced compared
with reaction with dimer, and showed no preferential reaction with α, suggesting the exis-
tence of a highly reactive lysine (HRL) exposed on α in the dimer but protected in the poly-
mer. Similar reactions were observed with brain or liver tubulin (88,89).

Studies of the reaction of tubulin and formaldehyde in the presence of the reductant
cyanoborohydride demonstrated that tubulin polymerization is prevented (without effect on
GTP or colchicine binding) by reaction with a highly reactive lysine (HRL) in α-tubulin
(90,91). This residue was shown to be αlys394, found in a highly evolutionarily conserved
cluster of basic residues, suggested to be required for assembly. Furthermore, reactivity of
this residue is reduced approx 10-fold by protonation of a residue with pK approx 6.3, pre-
sumably a histidine, and possibly αhis393, in the same basic cluster (92). These residues
are located on the solvent-exposed surface of helix 11 of α-tubulin, on the outer surface of
the MT. Although it is not clear exactly how these positive charged residues participate in
polymerization, it may be by interaction with the negatively charged C-terminus. It is pos-
sible that the acidic groups of the unstructured C-terminus interact with the basic groups of
the lysine cluster, reducing charge–charge repulsion between dimers and hence, facilitating
polymerization (92–95). Hence, reaction with lysine(s) may reduce this interaction and
inhibit polymerization.

It is presumably αlys394 that is the HRL with which acetaldehyde reacts, though this has
not been explicitly demonstrated. As expected from the results with formaldehyde and
αlys394, acetaldehyde adduction on the HRL of the dimer inhibits polymerization, whereas
reaction with polymerized tubulin (in which the HRL is protected) did not inhibit subse-
quent depolymerization or repolymerization (96). Inhibition is distinctly substoichiometric.
Low mole fractions (as low as 5%) of tubulin adducted on this lysine completely prevented
polymerization of added, unreacted tubulin. This level of HRL-bound aldehyde can be
achieved by reaction of tubulin with concentrations as low as 50 μM acetaldehyde (97).

Of course, acetaldehyde can react with other proteins as well. Among them, actin
also forms unstable and stable adducts with acetaldehyde under nonreducing condi-
tions, and actin monomer is more reactive than polymerized actin, similar to the case
with tubulin. Interestingly, reaction with unpolymerized actin does not prevent its sub-
sequent polymerization (98).

Unsaturated aldehydes such as 4-hydroxynonenal also inhibit MT polymerization,
although probably because of reaction with sulfhydryls not lysines (99). 4-hydroxy-
nonenal, a major product of lipid peroxidation, causes loss of MT in 3T3 fibroblasts at
concentrations as low as 10 μM. Polymerization of purified tubulin was inhibited in a
dose-dependent manner, accompanied by loss of up to 4 sulfhydryls per dimer and
inhibition of colchicine binding. Addition of cysteine to the reaction prevented inhibi-
tion of polymerization (100).The related unsaturated aldehyde 2-nonenal showed sim-
ilar MT inhibition in cells and with purified tubulin. However, the saturated nonanal
had much less effect on cells and a reduced activity on tubulin–colchicine binding,
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while the aromatic benzaldehyde was inactive (101). Nonanal inhibited MTP polymer-
ization significantly more potently than the other aldehydes, however (99), possibly by
reacting with the HRL on α-tubulin.

4. UNKNOWN REACTIVITY

4.1. Unknown Reactivity—Specific Target
The benzamide RH-4032 (Fig. 8) is a potent anti-MT agent in plant cells that cova-

lently reacts with both plant and mammalian tubulin (102). It inhibited tobacco root
elongation, caused accumulation of metaphase-arrested cells, and induced loss of MT.
Incubation with bovine brain tubulin resulted in loss of polymerizability in a dose- and
preincubation time-dependent manner. The presence of an α-chloroketone in the struc-
ture of RH-4032 suggested the possibility that it might react with tubulin. Incubation of
brain tubulin with radiolabeled RH-4032 followed by SDS gel electrophoresis resulted
in covalent labeling of the β-tubulin band. A similar incubation with tobacco cells fol-
lowed by SDS gel electrophoresis resulted in labeling of essentially one band, corre-
sponding to β-tubulin. Binding was saturable, was consistent with one binding site, and
was inhibited by the structurally related compounds pronamide and zarilamide, and by
N-phenylcarbamates related to chlorprophan. Binding was not inhibited by the dini-
troaniline herbicide trifluralin, or the phosphoric amide herbicide amiprophos-methyl.
The lack of inhibition by these compounds is consistent with the location of their bind-
ing site, thought to be on α-tubulin (103,104). RH-4032 is unusual among covalently
reacting anti-MT agents in that it is much more potent (100–1000-fold) in biological
assays compared with presumably noncovalent, presumably reversible, structurally
related agents (pronamide and zarilamide) that presumably bind to the same site (102).

RH4032 contains a chloroketone moiety, known to be reactive with sulfhydryls. This,
combined with the specificity of the reaction (β only), suggests that a cysteine residue, pos-
sibly βcys239 could be the targeted residue. Further work will be required to establish this.

4.2. Unknown Reactivity—Multiple Sites
4.2.1. PHOTODYNAMIC PROBES

A number of photosensitizers have been described as potential agents in the photo-
dynamic therapy (PDT) of cancer. This treatment is based on the retention of these 
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compounds by tumor cells and on the generation of reactive singlet oxygen and other
reactive oxygen species upon exposure of the compound to light. Reactive oxygen
species damage occurs to cell membranes, organelles such as the lysosome, and nucleus
as well as cytoplasmic proteins (105). Some compounds, including porphyrins, phthalo-
cyanines, and others, cause damage to MT, resulting in mitotic arrest and disruption of
the cytoskeleton. This may be because of covalent modification(s) of tubulin, some of
which have been identified.

Endothelial cells exposed to the porphrin Photofrin show light-dependent loss of
MT that is reversible at sublethal light doses but irreversible at higher doses. No effect
was observed on F-actin organization or cellular ATP levels (106). Cellular exposure
to tetrasulfonated aluminum phthalocyanine, tetrahydroxy- and monosulfonated 
m-tetraphenylporphine resulted in light-dependent accumulation in mitosis, mostly
metaphase, with abnormal mitotic spindles. Mitotic accumulation was increased more by
water-soluble compounds than with lipophilic ones (107). Similar results with tetra(4-
sulfonatophenyl)porphine (tetraphenylporphine tetrasulfonate, TPPS4; see Fig. 9) were
potentiated by previous treatment of the cells with nocodazole, suggesting that the target
of damage is the unpolymerized fraction of tubulin (108,109). Combination of PDT
using TPPS2 with previous vincristine or taxol treatment resulted in an enhanced in vivo
antitumor effect in a mouse mammary tumor model, whereas no enhancement was
observed upon combining vincristine with PDT with Photofrin (110).

Variation of the extent of sulfonation (TPPSn, with n = 0, 1, 2, 3, or 4, see Fig. 9) indi-
cated that the disulphonated compound was most active, and that sulfonation on adjacent
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phenyl rings (producing an amphipatic compound), rather than opposite phenyl rings
(producing a hydrophilic compound) enhanced activity. It was suggested that a spacing
of 1.2 nm between oxygen atoms is optimal for photosensitization in these and other
compounds and it was proposed that tubulin is the main target molecule (111).

In addition to these light-dependent effects, light-independent inhibition of MT poly-
merization using purified tubulin has been observed with TPPS2–4 as well as with mesotetra
(4N–methylpyridyl) porphine (T4MPyP). The mitotic index also increased in lymphoblasts
exposed to TPPS4 in the dark (112). A later study (113) found that MT damage mediated
by T4MPyP was proportional to the light dose given. As in many other studies, this study
showed that increased mitotic index following sublethal light dose was reversible. Higher
light doses (90% killing) resulted in loss of MT, but no increase in mitotic index.

Other agents have also been found to induce light-dependent mitotic arrest.
Thiazine dyes such as methylene blue and toluidine blue caused severe depletion of
cellular MT upon light exposure (114). The carbocyanine dye 3,3′-dihexylcarbocya-
nine iodide concentrates in mitochondria and the endoplasmic reticulum, but nonethe-
less mediates a large loss of cellular MT upon exposure to light. Treatment of purified
MTP with dye and light causes loss of polymerization that is not rescued by addi-
tional GTP, indicating that the protein is the target, not the nucleotide. Dye with no
light had no effect (115).

In a few cases, studies have revealed the nature of the covalent modifications of tubu-
lin. Exposure of rat or human fibroblasts to light following loading with the photosen-
sitizer Hypocrellin A resulted in oxidation of a set of proteins different from those
oxidized upon exposure to H2O2. Both α- and β-tubulin were prominent targets of PDT-
induced oxidation, and this oxidation was on tyrosine residues, as indicated by a tyra-
mine labeling specific to oxidized tyrosine (116). In a study with TPPS4, inhibition of
MTP polymerization was proportional to light dose, and amino acid analysis indicated
that oxidation of only a few histidine and cysteine residues was responsible for inhibi-
tion (105). Purpurin-18-mediated PDT of HL60 cells resulted in oxidation of α-tubulin
as well as β-actin and some chaperones. Oxidation was detected by the appearance of
carbonyl groups on the proteins, which could be because of oxidation of side chains of
lysine, arginine, proline, or threonine residues (117).

4.3. Cisplatin
Cis-dichlorodiammine-platinum (II) (cisplatin, CDDP) is a widely used antitumor

agent whose activity is widely accepted because of reaction with DNA. Dose-limiting
toxicities include peripheral neuropathy, and this led to the investigation of reaction
with tubulin or microtubules as a possible origin of this. Cis- or trans-dichlorodi-
ammine-platinum(II) were found to inhibit assembly of MTP or purified tubulin, with
somewhat higher inhibition with tubulin: 40 minutes contact of 1.2 mg/ml protein with
250 μM CDDP at 27°C resulted in 50% inhibition of MTP polymerization and 80%
inhibition of tubulin polymerization (118). Increased inhibition was found with
increased contact time or increased temperature (although reaction still occurred at
4°C). DTNB assay yielded 20 sulfhydryls per tubulin dimer; this was reduced by 1–2
sulfhydryls per dimer following incubation with 20–60-fold excess of CDDP for 1 h at
27°C, which resulted in 100% inhibition of polymerization. Direct assay by atomic
absorption spectrophotometry following dialysis revealed 1.5–2 platinums bound per
dimer. Significantly increasing reaction time resulted in further loss of sulfhydryls. It
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was concluded that CDDP reacts with tubulin sulfhydryls and that one adduct was suf-
ficient to block polymerization. Only small effects were seen on colchicine or vinblas-
tine binding following CDDP reaction. A possible relation to the neurotoxic effects of
CDDP was suggested as the previously published platinum concentration found in
nerves of patients with neuropathies was similar to those resulting in approx 50%
inhibiton of MT polymerization (118).

A direct alteration of MT assembly was reported in a study of rats given ip CDDP
(119). Tubulin, purified from testes of exposed rats showed lower cold-induced depoly-
merization compared with control rats. Overnight exposure of bovine brain tubulin to
CDDP, followed by a cycle of polymerization purification, produced tubulin that also
depolymerized more slowly in the cold, and produced shorter MT than control tubulin.
This effect was partially reversed by diethyldithiocarbamate, which cleaves protein
sulfhydryl–platinum complexes. Carboplatin showed a reduced ability to alter MT
assembly and disassembly (119). Another study found CDDP to inhibit in vitro polymer-
ization of tubulin, and to induce formation of stable rings (120). Nuclear magnetic reso-
nance studies reveal a spectral signature indicative of a complex of CDDP with GTP. 
It is suggested that reaction occurs with N7 of GTP, as (Met-N7)-GTP substitution in tubu-
lin before reaction with CDDP fails to produce the nuclear magnetic resonance signature.
It is not clear why the proposed CDDP–GTP complex cannot exchange with free GTP, but
a structure is proposed for the intermediate, and this intermediate is proposed to account
for the increased GTP hydrolysis observed (120). These three studies all report anti-MT
activity of CDDP, though by rather different mechanisms, and with differing functional
consequences. It is not clear how to rationalize these divergent results. Future work,
informed by these studies, may reconcile the differences and define the anti-MT action of
CDDP and its role in cytotoxicity and clinical application of this drug.

5. MICROTUBULE STABILIZERS

All of the previous compounds act as MT destabilizers, and induce loss of MT in
treated cells. An important exception to this is cyclostreptin, which irreversibly stabilizes
cellular MT and induces cell cycle arrest due to covalent reaction with β-tubulin (121).
Cyclostreptin reacts with MT in a 1:1 stoichiometry to tubulin, with reaction distributed
between two nearby sites—one on the outside and one on the inside of the MT. The out-
side site is Thr220, located in the outside part of a pore through the MT wall, while the
inside site, Asn228, is on the lumenal of the pore at the paclitaxel binding site. Reaction
with unpolymerized dimer only labels Thr220 (121). It will be interesting to see if
cyclostreptin is unique or if other agents are found that are also covalent MT stabilizers.
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SUMMARY

The microtubule cytoskeleton continues to be both an effective and a validated
target in the therapy of cancer. Beginning with the vinca alkaloids almost 50 years ago
and encouraged by the broad activity of first taxol® (paclitaxel) and then taxotere®

(docetaxel) numerous investigators have identified structurally diverse compounds
that interact with the tubulin/microtubule system displaying antimitotic and anticancer
properties. Paclitaxel was the first of a class of agents with a binding site on the micro-
tubule polymer that act principally by stabilizing microtubules. Other members of this
class of compounds referred to as the microtubule-stabilizing agents include the
epothilones, eleutherobin and discodermolide, natural products that are mechanisti-
cally similar but structurally unrelated to paclitaxel. With an emphasis on paclitaxel,
the original and best-characterized member of the microtubule-stabilizing class, this
chapter will review the compounds that comprise this diverse and interesting class of
anti-cancer agents.

Key Words: Microtubule-stabilizing agents; paclitaxel (Taxol®); taxotere
(Docetaxel®); epothilones; discodermolide; microtubules; tubulin.
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1. INTRODUCTION

The microtubule cytoskeleton is both an effective and a validated target in the ther-
apy of cancer. In numerous studies, structurally diverse compounds have been shown to
interact with the tubulin/microtubule system displaying antimitotic and anticancer prop-
erties. These tubulin/microtubule interacting compounds can be divided into two major
classes: The first class includes those agents that bind preferentially to α/β-tubulin het-
erodimers and thus inhibit microtubule polymerization. The second class consists of
those agents with a binding site on the microtubule polymer that act principally by sta-
bilizing microtubules. The first class exemplified by the vinca alkaloids, are reviewed
elsewhere in this text (see Chapter 10). Paclitaxel is the prototype for the second class
that is inclusive of the microtubule-stabilizing agents (Fig. 1). Other members of the
microtubule-stabilizing class of compounds include mechanistically similar but struc-
turally unrelated natural products, such as the epothilones, eleutherobin, and discoder-
molide. This chapter will review the compounds that include the microtubule-stabilizing
class of agents. Emphasis will be placed on paclitaxel, the original microtubule-stabi-
lizing agent of which the authors have the greatest understanding.

2. THE STRUCTURE AND FUNCTION 
OF THE MICROTUBULE CYTOSKELETON 

2.1. Microtubule Dynamics and Function
In eukaryotes, microtubules are essential to a diverse range of cellular functions

including mitosis, meiosis, motility, maintenance of cell shape, and intracellular traf-
ficking of macromolecules and organelles (1–3). Microtubules are hollow cylindrical
tubes formed by the self-association of α/β-tubulin heterodimers into polymers (see
Chapter 3). The tubulin heterodimers associate in a head-to-tail fashion to form protofil-
aments, which in turn associate in a lateral manner to form hollow microtubules. The
arrangement of protofilaments in a parallel array imparts polarity to the structure. The
β-subunits of the tubulin dimer are exposed at the “plus end” of the polymer, and the α-
subunits at the “minus end.” In cells, the minus end of a microtubule is usually associ-
ated with the microtubule-organizing center near the nucleus. From this anchored
position, the microtubules radiate outward so that the plus ends are near the periphery
of the cell. γ-Tubulin, a protein highly homologous to the α/β-tubulins, is localized at
the microtubule-organizing center, and plays an important role in microtubule nucle-
ation by interacting with α-tubulin (2).

Microtubules are highly dynamic structures characterized by a nonequilibrium
behavior termed dynamic instability (see Chapter 3). In this process, microtubules
undergo rapid stochastic transitions between growth and shrinkage, as a result of the
association and dissociation, respectively, of tubulin dimers from the microtubule
ends. The transition from growing to shrinking is referred to as a catastrophe, whereas
the transition from shrinkage to growth is called a rescue. GTP binding and hydroly-
sis at the exchangeable or E-site of β-tubulin appears to be crucial for this dynamic
instability (GTP also binds to α-tubulin, but at the nonexchangeable or N-site).
Microtubule assembly requires that GTP be bound to β-tubulin, so that it can be
hydrolyzed on addition of the tubulin dimer to the elongating microtubule. After
hydrolysis, the guanine nucleotide becomes nonexchangeable, and so microtubules are
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mostly made up of (GTP: α-tubulin/GDP: β-tubulin), with the growing end capped
with GTP (or GDP˙Pi): β-tubulin. In the GTP-cap model, microtubules, which are
inherently unstable, are stabilized by GTP (or GDP˙Pi)-tubulin at the growing ends.
When the GTP cap is lost, the microtubules rapidly depolymerize, with the protofila-
ments peeling outward.
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Fig. 1. Structure of microtubule stabilizing agents.
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There are numerous proteins that can interact with microtubules and/or free tubulin
dimers and participate in the regulation of microtubule dynamics (see Chapter 4). The
best characterized of these regulatory proteins are the microtubule-associated proteins
(MAPs), that stabilize microtubules by decreasing the frequency and duration of catas-
trophes and/or increasing the frequency and duration of rescues. In addition to these pro-
teins that associate with and stabilize microtubules, other proteins, such as stathmin, may
regulate microtubule dynamics. Unlike MAPs, stathmin binds exclusively to tubulin
dimers and not to microtubules, thereby increasing the catastrophe rate and promoting
depolymerization. In addition, the activities of many of these microtubule-stabilizing and
microtubule-destabilizing proteins can be regulated by cyclic phosphorylation and
dephosphorylation, often in a cell cycle-dependent manner.

3. THE MECHANISM OF ACTION OF PACLITAXEL AND OTHER
MICROTUBULE-STABILIZING COMPOUNDS

In 1971 Monroe Wall, Mansukh Wani, and their colleagues (4) published a landmark
study describing the isolation of a compound from the bark of the yew tree (Taxus brev-
ifolia). They determined its structure and demonstrated its cytotoxic activity against KB
(HeLa) cells in culture. The publication came nearly a decade after the first samples of
the yew tree were collected as part of a joint project of the Department of Agriculture and
the National Cancer Institute to search for new plant products with antitumor activity. In
1967, Dr. Wall gave the compound the name taxol based on its source and because it was
an alcohol (the drug is now known by the generic name paclitaxel and the trade name
Taxol®[Bristol Myers Squibb]). Paclitaxel was first recognized as a microtubule-target-
ing agent in 1979 when studies showed it was able to increase the rate and extent of
microtubule assembly in vitro and to stabilize microtubules in vitro and in cells (5,6). 

The first few experiments demonstrated that nanomolar concentrations of paclitaxel
inhibited the replication of HeLa cells by blocking cells in metaphase (Fig. 2). After 18 h
in 250 nM paclitaxel, essentially all cells had replicated their DNA, and had a 4N DNA con-
tent, however they were blocked in metaphase. Although previously studied drugs such as
colchicine and the Vinca alkaloids had been shown to block cells in mitosis, paclitaxel-
treated cells reorganized their microtubules so that distinct microtubule bundles could be
seen (Fig. 3). Paclitaxel was also shown in mouse fibroblasts to both block cell replication
by arresting cells in the G2/M phase of the cell cycle, and to stabilize cytoplasmic
microtubules. The latter were visualized by transmission electron microscopy and 
indirect immunofluorescence microscopy as bundles that radiated from a common site (or
sites) after cells were treated with 10 μM taxol for 22 h at 37°C (Fig. 4). In the experiments
demonstrating stability against cold-induced depolymerization, untreated cells that were
kept at 4°C for 16 h lost their microtubules, whereas cells that were pretreated with pacli-
taxel continued to display their microtubules and bundles of microtubules in the cold.

The formation of stable microtubule bundles, now recognized as diagnostic of a micro-
tubule-stabilizing compound and a hallmark of drug binding to microtubules, suggested
paclitaxel was able to enhance microtubule assembly and stabilize existing microtubules.
These hypotheses were confirmed by several experiments including early studies that
showed that paclitaxel was able to stabilize microtubules against cold-induced depolymer-
ization; as well as studies demonstrating that paclitaxel was able to augment microtubule
assembly when added to microtubules at apparent steady state by promoting both the



elongation of existing microtubules and spontaneous nucleation of new microtubules 
(Fig. 5) (7). Using purified calf brain tubulin, microtubule polymerization was assessed by
monitoring the increase in absorption at 350 nm. In the absence of paclitaxel, poly-
merization was seen to occur after a 3–4 min lag period. However, when the experiment
was repeated in the presence of paclitaxel, the lag period observed in the absence of drug
was eliminated, indicating paclitaxel enhanced the initiation phase of microtubule
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Fig. 2. Paclitaxel-induced G2M arrest. Propidium iodide staining, FACS (fluorescence activated cell
sorting) analysis.

Fig. 3. Paclitaxel-induced tubulin polymerization in vitro. To view this figure in color, see the insert
and the companion CD-ROM.
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Fig. 5. Additional microtubule assembly occurs when paclitaxel is added at a final concentration of 
5 μM after apparent steady state has been reached at 30 minutes. [Schiff and Horwitz, 1981].

Fig. 4. Paclitaxel-induced mitotic arrest with aster formation in vivo. To view this figure in color, see
the insert and the companion CD-ROM.



polymerization (5,8) (Fig. 6). Furthermore, paclitaxel was able to bring about tubulin
polymerization even at cold temperatures and in the absence of MAPs and GTP that are
required for polymerization in the absence of paclitaxel. The most striking observation
was that the microtubules formed in the presence of paclitaxel were resistant to cold (4°C)
and Ca2+ induced depolymerization, conditions previously shown to depolymerize micro-
tubules. By enhancing polymerization, paclitaxel alters the in vitro kinetics such that a
paclitaxel concentration of 5 μM reduces the critical concentration of microtubule protein
necessary for microtubule assembly by a factor of 20 from 0.2 to less than 0.01 mg/mL.
Paclitaxel also affects the structure of the microtubule polymer by reducing the number of
protofilaments from an average of 13 under normal circumstances to an average of 12 (9).

Whereas these data strongly suggested that paclitaxel could interact with micro-
tubules, convincing evidence as well as accurate stoichiometry was provided by sedi-
mentation assays assessing the binding of [3H]paclitaxel to microtubule protein (10).
Under assembly conditions both podophyllotoxin and vinblastine were able to inhibit
the binding of [3H]paclitaxel to microtubule protein. However, unlike unlabeled pacli-
taxel, which competitively displaced [3H]paclitaxel from microtubules, podophyllo-
toxin, vinblastine, and CaCl2 did not. Podophyllotoxin and vinblastine were able to
reduce the mass of sedimented paclitaxel-stabilized microtubules, but the specific activity
of bound [3H]paclitaxel in the pellet remained constant. Collectively this data was inter-
preted as a competition between paclitaxel on the one hand and either podophyllotoxin
or vinblastine on the other, although not for a single binding site, but rather for differ-
ent forms of tubulin: the dimeric or soluble form and the polymeric or microtubule
form. Finally it was noted that steady-state microtubules assembled with GTP or a GTP
analog (GPCPP), bound [3H]paclitaxel with approximately the same stoichiometry as
microtubules assembled in the presence of [3H]paclitaxel. These observations led to the
conclusion that paclitaxel bound specifically and reversibly to the polymerized form of
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Fig. 6. (A) Paclitaxel causes a dose-dependent decrease in the lag time for assembly. (B) Paclitaxel
decreased the lag time independently of tubulin concentration. [Schiff et al, 1979]



tubulin with a stoichiometry approaching unity and that the paclitaxel-binding site was
present in intact microtubules in the β-tubulin subunit (11). This conclusion has received
support from numerous subsequent experiments and today it is known that paclitaxel binds
at a specific site on β-tubulin in the microtubule as confirmed by electron crystallography
(12) (see Chapter 9). There is no evidence that paclitaxel binds to soluble tubulin dimer.

In vivo, high concentrations of paclitaxel increase the mass of microtubule polymer,
and also induce microtubule bundle formation in interphase cells. This observation has
become a hallmark of paclitaxel binding and is now recognized as a characteristic of
microtubule stabilization (6). However, the formation of microtubule bundles occurs
only above a threshold concentration of drug. At paclitaxel concentrations less than 
10 nM, when only a fraction of the paclitaxel-binding sites on the microtubule are occu-
pied, there is no obvious effect on polymer mass; instead the principal drug effect is
suppression of microtubule dynamics (13,14). Because low concentrations of vinblas-
tine, a microtubule-destabilizing drug, have a similar effect on microtubule dynamics as
low-paclitaxel concentrations, it has been suggested that both the microtubule stabiliz-
ing and destabilizing drug classes block mitosis by decreasing the dynamics of spindle
microtubule. However, the two drug classes exhibit different mitotic effects at low con-
centrations (15). Microtubule-stabilizing drugs, including paclitaxel, the epothilones,
and discodermolide, produce aneuploid populations of cells in the absence of a sus-
tained mitotic block (15,16). In contrast, destabilizing drugs such as colchicine, vinblas-
tine, and nocodazole, do not lead to aneuploidy at these low concentrations. Aneuploidy
appears to occur as a result of cells exiting from an aberrant mitosis, as the stabilizing
drugs induce multipolar spindles. These studies imply that paclitaxel, and most likely
other microtubule stabilizing drugs exert their effects by alternate mechanisms, depend-
ing on the drug concentration (16).

4. THE INTERACTION OF PACLITAXEL AND MICROTUBULES

Lacking a high-resolution structure of tubulin, early studies used photoaffinity label-
ing to understand the nature of the interaction between paclitaxel and its target
(11,17–21). Initial studies used [3H]-paclitaxel as a direct photoaffinity-label and demon-
strated that paclitaxel binds specifically to the β-subunit of tubulin (11). However,
because of low photoincorporation, a detailed analysis of the paclitaxel-binding site was
not possible. A more detailed definition of the contact sites between paclitaxel and β-
tubulin became possible when a series of paclitaxel analogs bearing photoreactive groups
at defined positions around the taxane nucleus became available. Initially, analogs with
photoreactive groups at the C-2′, C-3′, or C-7 positions were found to be specifically
incorporated into β-tubulin following photoactivation. Subsequent studies used
chemical and enzymatic digestion to isolate photolabled fragments that were then
subjected to N-terminal amino acid sequencing, making it possible to identify
residues in close proximity to the paclitaxel-binding site. Studies using a paclitaxel
analog where the photoreactive arylazide group was incorporated into the C-13 side-
chain of paclitaxel ([3H]3′-[p-azidobenzamido]paclitaxel), led to the isolation of a pho-
tolabeled peptide containing amino-acid residues 1–31 of β-tubulin (17). Similarly, a
peptide containing amino acid residues 217–233 of β-tubulin was identified as the region
interacting with the 2-benzoyl group by using an analog with the photoreactive group
attached to the B ring of the paclitaxel nucleus ([3H]2-[m-azidobenzoyl]Taxol) (18).
Finally, specific photocrosslinking to Arg282 was observed when a photoreactive

314 Horwitz and Fojo



benzophenone (BzDC) substituent was attached to the C-7 hydroxyl group of the C ring
(20). The usefulness of this approach became apparent after the structure of tubulin was
determined by electron crystallography. Excellent agreement was seen between the bind-
ing site predicted using the various photoaffinity analogs and that determined by electron
crystallography. (See Chapter 9.)

5. NONTAXANE MICROTUBULE-STABILIZING DRUGS

The success of paclitaxel and then docetaxel (Taxotere® [Sanofi Aventis]) in the treat-
ment of patients with a wide range of malignancies prompted an extensive search for
additional natural products that could stabilize microtubules. Using a variety of differ-
ent screens, several natural products with unique structures unrelated to that of the tax-
anes, were identified and reported to stabilize microtubules (Fig. 1) (22–24). The first
and most extensively characterized, were the epothilones A and B, founding members
of a class of compounds isolated from the fermentation broth of a soil Myxobacterium,
Sorangium cellulosum strain 90. Epothilones A and B are naturally produced by S. cel-
lulosum by the action of a hybrid nonribosomal peptide synthetase 1/polyketide syn-
thase together with an epoxidase. 

Inactivation or deletion of the epoxidase gene precludes the synthesis of epothilones
A and B and results in the production of epothilones C and D as the end products of the
nonribosomal peptide synthetase/polyketide synthase. These novel polyketide natural
products were found to polymerize tubulin, form microtubule bundles, and arrest cells
in mitosis (22). Compared with paclitaxel, both epothilones were reported to be more
potent in promoting microtubule assembly in vitro, with epothilone B more potent than
epothilone A, as well as epothilone D. Whereas isolation of the epothilones hinted at the
existence of additional agents with microtubule stabilizing properties, the isolation of
discodermolide affirmed their widespread occurrence in nature. Discodermolide is a
C24:4, trihydroxylated, octamethyl, carbamate-bearing fatty acid lactone originally
isolated from a Caribbean sponge, Discodermia dissoluta, that like the epothilones was
reported to induce microtubule assembly in vitro more rapidly than paclitaxel as well as
cause microtubule bundling and mitotic arrest (23,25,26). 

Similarly, first eleutherobin, a diterpene glycoside isolated from an Eleutherobia
species of soft, red colored coral found near Western Australian, and then the closely
related sarcodictyins were shown to stabilize microtubules with potency similar to that
of paclitaxel (27,28). Finally the laulimalides, complex macrolide compounds isolated
from the marine sponge Cacospongia mycofijiensis were also reported to possess
microtubule-stabilizing activity (29). Undoubtedly others have yet to be discovered and
it is likely that their characterization will reveal an increasingly complex mechanism of
action. Already it is known that whereas the epothilones, discodermolide, and eleuther-
obin are all competitive inhibitors of the binding of [3H]-paclitaxel to microtubules,
laulimalide is not (26,30). This has been interpreted as evidence that the former
drugs interact at the same or an overlapping binding domain as paclitaxel on β-tubu-
lin, with laulimalide binding at a different site on the microtubules. Based on a com-
putational search, the binding site for laulimalide has been proposed to be in
α-tubulin (31). Additional evidence cited in support of this includes the observation
that unlike epothilone A, laulimalide was able to enhance microtubule assembly syner-
gistically with paclitaxel, as would be predicted if the two drugs bound at different sites
on the polymer (32). Although most would agree that this evidence supports the concept

Chapter 13 / Microtubule Stabilizing Agents 315



that laulimalide binds at a different site on the microtubules, it must be noted that the
combination of paclitaxel and discodermolide also has been shown to exhibit a syner-
gistic cytotoxic interaction in human carcinoma cell lines (33). In addition, synergism
between paclitaxel and discodermolide has been demonstrated in an ovarian cancer
model in nude mice (34). As discodermolide is a competitive inhibitor of the binding of
[3H]-paclitaxel to microtubules, synergism in cytotoxic activity does not require distinct
binding sites (33). 

In addition to its ability to stabilize microtubules, discodermolide may have a second
activity that is responsible for its synergy with paclitaxel. There is evidence that disco-
dermolide induces a senescence phenotype at its IC50 concentration, which paclitaxel
does not do at the same concentration (35). As regards the concept of similar or over-
lapping binding sites, it should be noted that emerging electron crystallographic evi-
dence might challenge the extent to which the description of the binding sites as
overlapping is stretched. As has been shown by electron crystallography, compared with
paclitaxel, the epothilones exploit the tubulin-binding pocket in a unique and independ-
ent manner (36) (see Chapter 9). Indeed, it could be argued that one should expect dif-
ferences in the way that these diverse compounds interact with microtubules. 

Although all of these agents share the ability to stabilize mammalian microtubules,
this might be too crude or imprecise an assay. From other lines of investigation it is
known that differences can be found when microtubules from other sources are used in
stabilization assays. For example, unlike paclitaxel, the epothilones promote the in vitro
assembly of yeast tubulin (37). This discrepancy might be explained by sequence vari-
ation in three β-tubulin residues, K19A, V23T, and D26G, which make contact with the
3′-benzamidophenyl group of paclitaxel, but not with the epothilones.

Identifying/characterizing the binding site on the microtubule is not only of aca-
demic interest, but will be of value in the future design of analogs or even synthetic
compounds targeting microtubules. Structural information obtained from experimental
approaches such as electron crystallography will be invaluable. In addition, for a
macromolecule as large and complex as the microtubule, additional information
including structure activity correlations and cross-resistance data are also deemed
helpful. However, findings from diverse experimental approaches may eventually have
to be reconciled. For example, like paclitaxel, 2-m-azido baccatin III, a paclitaxel ana-
log that lacks the C-13 side-chain but has a m-azido benzoyl group at the C-2 position,
promotes microtubule assembly in the absence of GTP, stabilizes microtubules, and
competitively inhibits the binding of [3H]-Taxol to the microtubule protein (38).
Although 2-m-azido baccatin III is certainly not as potent as paclitaxel, the fact that it
retained all of the basic properties of paclitaxel was taken as evidence that the C-13
side-chain is not required for the biological activity of a taxane. Based on this, a
common pharmacophore model for paclitaxel and epothilone was proposed with the
macrolide ring system of the epothilones overlapping the taxane ring system and 
the thiazole side-chain of the epothilones corresponding to the C-2 side-chain of 
2-m-azido baccatin III, binding in the pocket formed by His227 and Asp224 (38). This
model of the epothilone:tubulin interaction was similar to one of two potential models
based on β-tubulin mutations identified in epothilone-resistant cells (39,40). However,
neither of these agrees fully with a model based on electron crystallographic data,
underscoring the need to reconcile evidence obtained from different experimental
sources (36) (see Chapter 9).
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6. HOW ALTERATIONS IN MICROTUBULE STABILITY/DYNAMICS
CAN AFFECT DRUG SENSITIVITY

The selection of drug-resistant cell lines usually has, as a principal goal, understand-
ing mechanisms of drug tolerance. However, such selections can also help discern the
factors involved in intrinsic drug sensitivity as well as provide insight into how drugs
work. In the case of the microtubule stabilizing agents, selection of drug-resistant cell
lines have delivered information on all these fronts. As investigators have sought to
understand how cells develop resistance, their understanding of normal microtubule
function, stability, and dynamics has grown.

For drugs such as the microtubule-stabilizing agents that likely have a defined “bind-
ing site” on the microtubule, one could envisage mutations at these loci interfering with
drug binding and conferring resistance. Such mutations have been discussed previously
in this chapter and will be referred to below (39–42). But remarkably, in a majority of
the resistant cells lines, mutations that map to putative drug-binding sites and interfere
with drug binding have not been identified (see Chapter 14). Instead the mutations or
adaptations that have been identified affect intrinsic properties of the microtubule—
stability/dynamics—and in turn drug sensitivity. Two models have been proposed to
help us understand the relationship between resistance to microtubule-targeting agents
and cellular microtubule stability/dynamics. Although it can be argued that absolute
proof is lacking for either of these models, data accumulated since they were first pro-
posed attest to their utility. At a minimum they provide a very rational framework for
thinking about resistance to microtubule-targeting agents, and also for considering how
microtubules function normally.

The first hypothesis advanced by Cabral and coworkers (43–45) in the mid-to-late 1980s
and discussed in detail elsewhere in this book (see Chapter 14), envisioned that under
normal circumstances microtubule stability or polymerization was maintained within a lim-
ited range. According to this hypothesis, intrinsic sensitivity to a microtubule-stabilizing
agent depends on the basal level of microtubule stability/polymerization. A cell with a
higher percent of polymerized tubulin is more sensitive to a microtubule-stabilizing agent.
One can envision that in this case the equilibrium is already shifted to a more stable state,
making it easier for the stabilizing agent to achieve its goal or that as the paclitaxel-bind-
ing site is present only on microtubules (polymerized tubulin), and not on tubulin dimers,
a cell with a more stable polymer presents more sites for drug binding and would be more
sensitive to paclitaxel. Conversely, cells with less stable microtubules should be resistant to
polymer-binding drugs like paclitaxel, but demonstrate increased sensitivity to agents such
as vinblastine and colchicine that target tubulin dimers. Thus, according to this model, cells
resistant to a microtubule-stabilizing agent contain “hypostable” microtubules in which the
equilibrium between the dimer and polymer is shifted toward the former. The model also
offers a potential explanation for the observation that some paclitaxel-resistant cell lines
require low-paclitaxel concentrations for normal growth. In these drug-dependent cells,
polymer stability is perturbed to such an extent—actually the polymer is so hypostable—
that normal cell function is compromised, and the cells require low concentrations of pacli-
taxel to stabilize their microtubules in order to survive.

A second model by Wilson and Jordan evolved from the observation that low con-
centrations of both microtubule-stabilizing and -destabilizing drugs inhibit microtubule
dynamics without affecting the microtubule polymer mass (13,46,47) (see Chapter 3).
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According to this view, microtubule dynamics, like microtubule stabilization affect drug
sensitivity: increased dynamics confer resistance to microtubule stabilizing agents,
whereas reduced dynamics bestow tolerance to destabilizing compounds. Therefore, in
paclitaxel-resistant cell lines, the equilibrium between hypodynamic and highly
dynamic microtubules is shifted toward the latter, antagonizing the effects of paclitaxel
(14,46–48). This increase in microtubule dynamics provides a survival advantage to a
cell challenged with a microtubule-stabilizing drug such as paclitaxel. Evidence for the
latter has come from several sources including studies quantifying the dynamics of indi-
vidual rhodamine-labeled microtubules by digital time-lapse microscopy (48). Parental
A549 human lung carcinoma cells, and paclitaxel-resistant A549-T12 and -T24 cell
lines, selected by continuous exposure of A549 cells to increasing concentrations of
paclitaxel were examined. The A549-T12 and A549-T24 cell lines were found to be 9-
and 17-fold resistant, respectively, to paclitaxel. Both resistant cell lines exhibited
increased dynamic instability compared with the parental A549 cell line. As noted ear-
lier, increased microtubule dynamics would be predicted to provide a survival advan-
tage to a cell challenged with paclitaxel. Furthermore, both resistant cell lines were also
found to be dependent on low concentrations of paclitaxel for growth. In the absence of
2 nM paclitaxel to stabilize the hyperdynamic microtubules, the resistant cells were
blocked in the G2/M phase of the cell cycle.

7. RESISTANCE TO MICROTUBULE-STABILIZING AGENTS

Several potential mechanisms can be envisaged by which a cell may develop resist-
ance to microtubule-stabilizing agents. Included among these would be changes that
alter microtubule stability/dynamics rendering a cell resistant to a microtubule-targeting
agent, mutations that alter drug binding or changes in signaling pathways that modulate
the cellular response to drug exposure. Although the evidence accumulated to date has
been garnered principally with paclitaxel, and to a lesser extent with the epothilones, it
is likely that these changes/mechanisms apply broadly to varying extents to all micro-
tubule-stabilizing agents. For the purpose of this chapter the authors propose to subdi-
vide these mechanisms of drug resistance as follows:

1. Alterations in the absolute or relative expression levels of tubulin isotypes (see Chapters
5–7). 

2. Tubulin mutations that affect either binding of regulatory proteins or GTP or that impact
longitudinal/lateral interactions and can alter microtubule dynamics. 

3. Post-translational modifications that modify regulatory protein binding.
4. Altered expression and post-translational modifications of proteins that regulate 

the dynamics/stability of the microtubules by interacting with soluble tubulin or 
microtubules. 

5. Altered drug binding to the microtubule. 
6. Alterations in signaling pathways.

7.1. Alterations in the Absolute or Relative Expression Levels 
of Tubulin Isotypes

In vitro analysis of β-tubulin isotypes purified by immunoaffinity from bovine brain
tubulin (β-tubulin composition: 3% class I, 58% class II, 25% class III, and 13% 
class IV) has identified inherent differences in the assembly properties, microtubule
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dynamics, and drug interactions of the various β-tubulin isotypes (49–54) (see Chapter 6).
Initial studies examined the differences in assembly and microtubule dynamics.
Because differences were observed using purified tubulin devoid of MAPs, it suggested
that the differences were inherent to the various tubulin isotypes (53). Subsequent in
vitro studies examining the effect of paclitaxel on microtubule dynamics demonstrated
that it could be modulated by the β-tubulin isotype composition. These studies eventu-
ally formed the basis for the notion that altered cellular expression of β-tubulin isotypes
could be an important determinant of cellular sensitivity to paclitaxel. The initial stud-
ies demonstrated differences between βIII-tubulin compared with βII-, βIV-, or unfrac-
tionated tubulin when microtubule assembly was examined (49,51,52). Compared with
other isotypes, βIII-tubulin required the highest critical concentration of tubulin for
assembly, exhibited a distinct delay in nucleation and proceeded at a slower rate. In
addition, the dynamicity of microtubules containing only βIII-tubulin was more than
double that of microtubules formed from βII- and βIV-tubulin, so that microtubules
made up exclusively of βIII-tubulin were less stable (53). Consistent with this, the
dynamics of microtubules made up of βIII-tubulin were considerably less sensitive to
the suppressive effects of paclitaxel than the dynamics of microtubules assembled from
βII or unfractionated tubulin; although not significantly different from microtubules
assembled from βIV-tubulin (54). Finally, using Chinese hamster ovary (CHO) cells
overexpressing either βI- or βIII-tubulin, microtubule dynamic instability during inter-
phase was analyzed by microinjection of rhodamine-labeled tubulin and time-lapse flu-
orescence microscopy. Somewhat unexpectedly, when dynamic instability was assessed
in the absence of paclitaxel, no differences were found between the two β-tubulin-over-
expressing cell types. However, when the same analysis was conducted in 150 nm pacli-
taxel, dynamic instability was suppressed only 12% in cells overexpressing βIII-tubulin
compared with a 47% suppression in cells with similar levels of βI-tubulin. These
results suggest that by reducing the ability of paclitaxel to suppress microtubule dynam-
ics, overexpression of β III-tubulin induces paclitaxel resistance (55).

Although collectively these in vitro studies suggest that microtubule dynamics and
the effects of paclitaxel on this process could be affected by the β-tubulin isotype com-
position, care must be exercised in reaching this conclusion. Two reasons for this
restrain are, first, that the β-tubulin isotype composition of brain tubulin is unlike that
of most cancer cells, and second, uncertainty regarding the α-tubulin isotype composi-
tion. Regarding the first concern, whereas bovine brain is widely used as a source of
mammalian tubulin for in vitro studies, its tubulin composition is probably not repre-
sentative of most cancer cells. Specifically, unlike brain tubulin that has 58% βII-
tubulin, βI is the major β-tubulin isotype in most cancer cells. Regarding the second
uncertainty, bovine brain tubulin has three major α-tubulin isotypes, α1, α2, and α4 all
of which undergo extensive post-translational modifications. Because the α-tubulin iso-
type composition of the immunoaffinity-purified β-tubulin isotypes is not known, it is
not possible to predict how this might have impacted the published data. For example,
the effect of a variable such as the preferential association that could occur between 
specific α- and β-isotypes cannot be ascertained.

Despite the concerns regarding the use of purified bovine brain tubulin, it appears
that at least some of the observations might be relevant and correct. The accumulated
data imply that altered expression of some β-tubulin isotypes, especially class III (and
possibly IVa), may be correlated with paclitaxel sensitivity (56). This data has been
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gathered from (1) drug-resistant cell lines, (2) drug naive cells that have not undergone
drug selection before, and (3) from transfection and antisense experiments.

Examining cells selected for resistance to antimitotic drugs, numerous investigators
have reported altered expression of β-tubulin isotypes (Table 1).

In drug-selected cell lines the evidence includes:

1. About two- to threefold increase in class III and IVa-isotypes in paclitaxel-resistant A549-
T12 cells and about fourfold increase of the same isotypes in the A549-T24 cell lines (57). 

2. A twofold increase in class IVa β-tubulin messenger RNA (mRNA) and protein level in
a K562 erythroleukemia cell line that is ninefold resistant to paclitaxel (56). 

3. About threefold increase in total α- and β-tubulin, and a fourfold increase in class III
protein with a ninefold increase in RNA expression in paclitaxel-resistant DU-145
human prostate carcinoma cells (58). 

4. A correlation between paclitaxel but not vinblastine, vincristine, and rhizoxin sensitiv-
ity and the absolute levels of mRNA expression for βIII-tubulin in 17 cancer cell lines
from the National Cancer Institute-Anticancer Drug Screen (59). 

As expected in these cancer cell lines, βI was the major tubulin isotype accounting
for 85–99% of all the β-tubulin mRNA, but after βI, βIII mRNA was the next most pre-
dominant mRNA expressed, with levels ranging from 0.5 to 14%.

Additional data in drug naive cells includes:

1. A correlation among brain cell lines between intrinsic levels of class III β-tubulin and
paclitaxel sensitivity. Specifically, the two cell lines with elevated class III protein were
approx 5.5-fold less sensitive to paclitaxel, than the cell line with no detectable class III
β-tubulin (60). 

2. The paclitaxel sensitivity of HT29-D4 human colon adenocarcinoma cells depends on
their differentiation status (61). Whereas in undifferentiated cells microtubule bundling
occurs in the presence of paclitaxel, on differentiation there is a selective increase in
class III β-tubulin mRNA and protein, and the microtubules fail to bundle. 

3. An apparent correlation between epidermal growth factor receptor (EGFR)vIII and
HER2 expression, increases in class IVa β-tubulin and decreases paclitaxel sensitivity;
with suppressed paclitaxel-induced polymerization in cells expressing EGFRvIII and
HER2 compared with cells expressing wild-type EGFR. (62,63). 

These latter studies suggest that by modulating β-tubulin isotype levels, some onco-
genes may affect drug sensitivity.

Although together the studies described earlier support the thesis that isotype compo-
sition might be important in drug sensitivity, they can be criticized for providing princi-
pally correlative rather than direct evidence. To counter this criticism, several investigators
have sought to modulate specific isotype levels in cells by either using antisense oligonu-
cleotides or overexpressing protein. In the paclitaxel-resistant A549-T24 cells described
earlier, the antisense strategy was modestly successful in bringing about a 40–50%
decrease in both class III mRNA and protein levels, and a 39% increase in sensitivity to
paclitaxel (64). However, in several drug-naive cell lines, transfection experiments were
unsuccessful (65–67). Although this lack of success could indicate that isotype composi-
tion is not important in drug sensitivity, one could argue that given the obstacles that had
to be surmounted, a negative result is not surprising, and indeed may have been antici-
pated. For example, the transfection strategy sought to increase the levels of specific iso-
types but could not avoid compensatory changes in the expression levels of other β-tubulin
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Table 1
Nomenclature, Tissue Distribution, C-Terminus Sequence and Post-Translational Modifications

of Human Tubulin Isotypes

Tissue Post-translational 
Isotype Human gene expressiona C-terminus sequenceb modificationsc

α
Kα1 TUBA1/k-α1 Widely MAALEKDYEEVGVDS glutamylation

expressed VEGEGEEEGEEY (E445)
bα1 TUBA3/b-α1 Mainly in MAALEKDYEEVGVHSVE gylcylation 

brain GEGEEEGEEY (E445)
3 TUBA2 Testis LAALEKDYEEVGVDS detyrosination/

specific VEAEAE-EGEEY tyrosination
4 TUBA4 Brain MAALEKDYEEVGIDS removal of

muscle YEDEDE—GEE- penultimate 
6 TUBA6 Widely MAALEKDYEEVGADS glutamate 

expressed ADGEDE—GEEY acetylation
8 TUBA8 Heart, LAALEKDYEEVGTD (K40)

muscle SFEEENE—GEEF
testis

β
I HM40/ Constitutive YQDATAEEEEDFGEEA glutamylation 

TUBB EEEA (E445)
II Hβ9/TUBB2 Major YQDATADEQGEFEE gylcylation 

neuronal EEGEDEA (E445,E447,
lung E448)

III Hβ4/TUBB4 Minor YQDATAEEEGEMYEDD phosphorylation
neuronal EEESEAQGPK of βIII isotype 
testis (S444)

IVa Hβ5/TUBB5 Brain YQDATAEQGEFEE
specific EAEEEVAd

YQDATAEEGEFEEE
AEEEVA

IVb Hβ2 Major YQDATAEEEGEFEEE
testis AEEEVA

V 5β/βV Uterus YQDATANDGEEAFED
adeno- EEEEIDG
carcinoma

VI Hβ1/TUBB1 Blood FQDAKAVLEEDEEVTE
EAEMEPEDKGH

aTubulin isotype distribution in human tissues has been performed mainly by RT-PCR, Western blot-
ting, and immunohistochemistry.

bAmino acids differing from isotype 1 (k-α1) for α-tubulins or from isotype I (HM40/TUBB) for β-
tubulins are highlighted in black.

cPosition and amino acid modified by posttranslational modification are indicated in brackets and
refer to studies performed on mammalian tubulin.

dTwo βIVa-tubulin sequences with distinct C-termini were found in the NCBI protein database. The
upper C-terminus sequence was found in human brain and lower sequence was found in a human oligo-
dendroglioma and in mouse brain.



isotypes that might occur. Furthermore, the major isotype in the transfected cells, βI-tubu-
lin, is the least studied of the isotypes and whether βIII- or βIV-isotypes can alter the
dynamics of microtubules made up predominantly of βI-tubulin has not been established.
In this regard, the levels of overexpression achieved following transfection may not have
been sufficient to alter microtubule dynamics and affect drug sensitivity. Finally, the evi-
dence in both the drug resistant and drug-naive cell lines notwithstanding, it is possible
that the isotype composition is not solely responsible, but instead requires additional iso-
type-specific proteins for the full effect. One possibility would be MAPs that might be
coordinately regulated. MAPs are known to bind to the highly divergent C-terminal
regions of tubulin, and although not yet proven, MAPs that are isotype-specific or that
have a preference for one isotype over another may exist. These would be coordinately
expressed both in drug naive and in drug-resistant cell lines and could be downregulated
using an antisense strategy explaining the observed experimental results. This hypothesis
has yet to be proven and one must remember that the differences in assembly and micro-
tubule dynamics observed using purified brain tubulin were seen using tubulin prepara-
tions devoid of MAPs. The lack of MAPs in these experiments has been used as evidence
in support of the notion that the differences are inherent to the various tubulin isotypes.

Although most of the emphasis has been placed on the β-tubulin isotypes, drug sensi-
tivity could also be potentially affected by alterations in the α-tubulin isotype composi-
tion. Although additional information will need to be gathered to draw firm conclusions,
preliminary data suggest that at least in vitro, tubulin enriched by immunoaffinity purifi-
cation in the tyrosinated α1, α2-isotypes assembles faster than tubulin containing the non-
tyrosinated forms (68). In separate experiments, NCI-H460/T800, a paclitaxel resistant
lung carcinoma cell line, was reported to express high levels of multidrug resistance 
1 gene (MDR1) as well as the k-α1-tubulin (69). That the overexpression of k-α1-tubulin
may have a role in drug tolerance was supported by a 2.5-fold increase in paclitaxel resist-
ance when k-α1-tubulin was overexpressed in parental H460 cells, and conversely an
increase in paclitaxel sensitivity when the levels of k-α1-tubulin were downregulated
45–51% using antisense RNA.

7.2. Tubulin Mutations That Affect Either Binding of Regulatory Proteins 
or GTP or That Impact Longitudinal/Lateral Interactions 

and Can Alter Microtubule Dynamics
As discussed elsewhere in greater detail, studies dating back to the 1980s had shown

altered migration of α- and β-tubulin by two-dimensional gel electrophoresis in CHO
cell lines isolated by single-step selection, for resistance to paclitaxel (see Chapter 14).
Additional characterization led to the conclusion that many of the paclitaxel-resistant
cell lines contained a less stable microtubule polymer, and that as discussed earlier, this
less-stable polymer with its reduced microtubule assembly was responsible for the
resistant phenotype. Furthermore, some of the resistant cell lines were shown to be
paclitaxel-dependent. Compared with other resistant cell lines that were not paclitaxel-
dependent and could grow in drug-free medium, the paclitaxel-dependent cell lines
exhibited even lower levels of microtubule assembly. Consistent with the notion that the
resistance was mediated at least in part by the existence of a less stable microtubule
polymer, many of the paclitaxel-resistant cell lines were shown to be hypersensitive to
microtubule-destabilizing drugs that bind to free tubulin dimers, such as vinblastine or
colchicine. Based on these observations, the authors predicted that mutations would be
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identified in these cell lines, a forecast that was subsequently confirmed when sequence
analysis of class I β-tubulin revealed a cluster of mutations at leucines 215, 217, and 228
(70). The authors concluded that these mutations conferred resistance by altering micro-
tubule dynamics/stability. When subsequently the electron crystallographic model of
paclitaxel-stabilized microtubules became available, it was concluded that the effect of
the mutations was mediated by affecting the lateral/longitudinal interactions important
for microtubule assembly. By destabilizing the microtubules, the mutations counteract
the stabilizing effects of paclitaxel, and as discussed earlier, reduce paclitaxel affinity
by presenting less binding sites. Importantly, using a tetracycline-regulated expression
system, the authors subsequently showed in CHO cells that low-level expression of a 
β-tubulin containing any one of these mutations could confer paclitaxel resistance (70).

Subsequent studies with paclitaxel as well as other microtubule-stabilizing agents
have extended these observations. For example, three epothilone-resistant A549 and
HeLa cell lines cross-resistant to the taxanes were found by sequence analysis of class
I β-tubulin, the predominant β-tubulin isotype, to harbor single point mutations at
amino acids 173 (Pro to Ala), 292 (Gln to Glu), and 422 (Tyr to Tyr/Cys) (24). These
mutations are found near the M-loop (a region involved in stabilizing the lateral con-
tacts between adjacent protofilaments), at the nucleotide-binding site (important for the
hydrolysis of GTP), and in the C-terminus (a region important for the binding of MAPs).
It is now believed that by decreasing the endogenous stability of the microtubule, these
mutations counteract the activities of microtubule-stabilizing drugs and hence confer
resistance. Consistent with this hypothesis, the cell lines have been shown to be more
sensitive to microtubule-destabilizing drugs such as vinblastine and colchicines (24).
Furthermore, studies in other models have established that these mutations are not
confined to β-tubulin. For example, in the paclitaxel-selected A549-T12 cells described
earlier, sequencing of class I β-tubulin, again the predominant β-tubulin isotype, did not
uncover any mutations. However, when the predominant α-tubulin isotype, K-α1, was
sequenced a heterozygous point mutation was found at residue 379 (Ser to Ser/Arg)
(71). Expression of both the wild-type and mutated α-tubulins in this heterozygous cell
line was subsequently confirmed by mass spectrometry (72). Exactly how this mutation
impacts drug resistance remains to be elucidated, but its location near the C-terminus of
α-tubulin is close to the proposed sites of interaction for both MAP4 and stathmin, pro-
viding possible explanations. This latter suggestion might also apply to an A549 cell
line selected to high levels of resistance with a Val195Phe mutation in α-tubulin (73).
Finally, we would also note here that the development of drug-resistance by acquiring
mutations that affect polymer stability does not appear to be confined to the microtubule
stabilizing agents, as similar observations have been seen with the destabilizing hemi-
asterlins described elsewhere in this book (42,74) (see Chapter 10). In these drug-
selected cell lines, the mutations instead of destabilizing the polymer, lead to enhanced
stabilization and in turn drug resistance. Thus, a similar mechanism is used by cells to
withstand both stabilizing and destabilizing agents.

7.3. Post-Translational Modifications to Tubulin
The structural diversity of the tubulin protein family is further increased by extensive

post-translational modifications (see Chapter 5). With the exception of α-tubulin acety-
lation that occurs on Lys40, all post-translational modifications occur in the C-termini
of both α- and β-tubulin. Because several MAPs interact with the C-terminal region of
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tubulin, it has been suggested that the interaction of MAPs and in turn microtubule 
stability/dynamics might be regulated by post-translational modifications. In vitro 
evidence in support of this concept includes (1) Data showing that the level of polyglu-
tamylation of α- and β-tubulins can affect the interaction of both structural (tau, MAP-2)
and motor MAPs (kinesin) with microtubules (75–77) and (2) Studies demonstrating
that MAP-2-stimulated microtubule assembly could be inhibited by the removal of
phosphate from βIII-tubulin using protein phosphatase 2A (78). However, despite this in
vitro data, there is still very little evidence that altered post-translational modifications
can affect the sensitivity of cells toward any tubulin-directed antimitotic agent.

7.4. Altered Expression and Post-Translational Modifications of Proteins
That Regulate the Dynamics/Stability of the Microtubules by Interacting

With Soluble Tubulin or Microtubules
Previous sections have alluded to the potential role that proteins, such as MAPS that

regulate microtubule stability/dynamics, might have on modulating drug sensitivity. In
discussing variables other than isotype composition that might affect drug sensitivity, the
possibility that MAPs might be coordinately regulated was raised. It has been suggested,
although not yet proven that MAPs that are isotope-specific or that have a preference for
one isotype over another may exist and might be coordinately expressed both in drug
naive and in drug-resistant cell lines. Similarly, in the previous section, the possibility
that the interaction of MAPs and in turn microtubule stability/dynamics might be regu-
lated by post-translational modifications of the C-terminal region of tubulin was raised.

The discussion has thus far focused principally on proteins that associate with and
stabilize polymerized microtubules. However, proteins also exist that can interact with
tubulin dimers and could modulate cellular sensitivity. Examples of proteins that regu-
late the stability/dynamics of cellular microtubules in opposite ways include MAP4, a
protein that can stabilize microtubules and stathmin, a cytoplasmic protein that destabi-
lizes microtubules. These are discussed later.

Turning first to the family of microtubule stabilizing proteins, it is now known that it
includes a large and diverse group of proteins (see Chapter 4). For example, because
neurons maintain a very stable microtubule network, they possess a repertoire of micro-
tubule-stabilizing proteins, the most abundant of which is MAP2 (79). In cells other
than neurons, MAP4 is the predominant human non-neuronal MAP, and its function as
a microtubule-stabilizing protein is regulated by phosphorylation (80,81). MAP4 alters
microtubule dynamics by associating with microtubules and increasing the rescue fre-
quency (the transition from shrinkage to growth), as microtubules undergo stochastic
transitions between growth and shrinkage. Phosphorylation of MAP4 results in a loss of
this microtubule-stabilizing activity. By comparison to the family of microtubule stabi-
lizing proteins, the family of microtubule destabilizing proteins is less expansive. One
member is stathmin, a soluble cytoplasmic protein that binds tubulin dimers and facili-
tates microtubule catastrophes (the transition from growing to shrinking) (82–84) (see
Chapter 4). As with MAP4, stathmin’s function is regulated by phosphorylation, so that
its destabilizing activity is abrogated when stathmin is fully phosphorylated (85,86).
MAP4 has no effect on the catastrophe frequency; and similarly, stathmin does not
influence the rescue frequency. However, given their effect on the stochastic transitions
between growth and shrinkage, the levels or activity of these proteins would be
expected to modulate drug sensitivity. Down regulation or inactivation of MAP4
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and/or overexpression or activation of stathmin should increase the dynamicity of
microtubules and decrease their stability. If a cancer cell acquired such changes they
could provide a mechanism of resistance to microtubule-stabilizing drugs such as pacli-
taxel, whereas inversely enhancing the potency of microtubule-depolymerizing drugs
like the vinca alkaloids. Indeed, the intrinsic levels of proteins such as MAP4 and stath-
min could modulate the inherent cellular sensitivity to microtubule-stabilizing and
microtubule-destabilizing drugs.

Evidence that MAP4 expression might modulate the cellular sensitivity to micro-
tubule interacting drugs such as paclitaxel, was originally provided by studies examin-
ing the paclitaxel sensitivity of cells with wild-type and mutant p53. The observation
that unlike most chemotherapy agents, paclitaxel retained activity in cells harboring a
mutant p53 was the catalyst for these experiments (87–89). Evidence from the NCI anti-
cancer drug screen confirmed this, establishing that unlike the majority of chemothera-
peutic agents, paclitaxel activity was indifferent to the p53 status of cells (90). One
possible explanation for this emerged from studies in murine cells. Whereas MAP4 was
actively transcribed in cells harboring a mutant p53, MAP4 was transcriptionally repressed
in the presence of wild-type p53 (87–89). Additional studies in murine fibroblasts
found that inactivation of p53 increased paclitaxel sensitivity and decreased vinblastine
sensitivity (87); whereas induction of p53 by DNA-damaging agents resulted in
decreased paclitaxel sensitivity and increased vinblastine sensitivity (88). These obser-
vations have been explained by a modulation of MAP4 levels. In untreated cells or fol-
lowing a DNA-damaging agent, wild-type p53 represses MAP4 transcription leading to
less stable microtubules and reduced paclitaxel sensitivity. The transcriptional repres-
sion of MAP4 is released in cells lacking a wild-type p53 (or those with a mutant p53)
resulting in higher levels of MAP4. More stable microtubules in these cells lacking a
wild-type p53 function result in enhanced paclitaxel sensitivity as more sites are avail-
able for drug binding and greater stabilization is achieved starting from a more stable
microtubule. Although this straightforward thesis may prove correct, the data in murine
cells have been considered preliminary and in need of supporting data. Additional
evidence in human cells supporting this hypothesis has been gathered and includes:

1. Observations in paclitaxel-resistant human ovarian carcinoma cells where paclitaxel
sensitivity was shown to correlate with MAP4 phosphorylation and its dissociation
from microtubules (91),

2. Findings in vinblastine resistant CCRF-CEM cells where the expression of nonphos-
phorylated forms of MAP4 was shown to be increased (92), and 

3. Data in C127 breast cancer cells and patient samples demonstrating activation of p53
and repression of MAP4 in normal and malignant tissues in patients treated with a
DNA-damaging agent (93).

Similarly, there is evidence that stathmin levels might modulate the cellular sensitiv-
ity to microtubule-interacting drugs. As indicated previously, the expression level of
stathmin should affect the dynamicity/stability of microtubules and influence drug sen-
sitivity. Evidence supporting this has been presented in K562 erythroleukemia stably
transfected with a stathmin-antisense construct. Consistent with the increased stability of
microtubules that would be expected in a cell with low-stathmin levels, the authors
reported enhanced inhibition of growth and clonogenicity when the antisense containing
constructs were treated with low concentrations of paclitaxel; and increased vinblastine
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resistance compared with control mock-transfected cells (83,94). Similarly, overexpres-
sion of stathmin increased the vindesine and vincristine sensitivity of SBC-3 human lung
carcinoma cells; although it did not significantly decrease paclitaxel or docetaxel sensi-
tivity, a result that is not consistent with the hypothesis advocated in this section (95).
Finally as would be expected, stathmin inhibited in vitro paclitaxel-induced microtubule
polymerization (96). In their entirety, these data indicate that in a cancer cell, overexpres-
sion of stathmin could reduce drug sensitivity by opposing the microtubule-stabilizing
effect of microtubule-polymerizing agents such as paclitaxel, whereas increasing sensi-
tivity to microtubule-destabilizing agents.

That both stathmin and MAP-4 might interact to affect drug sensitivity has been
investigated in the parental and paclitaxel-resistant A549 cells discussed previously.
Compared with the parental cells, stathmin protein levels in the A549-T12 and -T24
resistant cell lines were increased approximately twofold, a change that would be pre-
dicted to antagonize paclitaxel action. Furthermore, when the phosphorylation status of
stathmin was monitored in parental and drug-resistant cells, the latter were seen to have
acquired additional adaptations. In the drug-naive parental cells the addition of increas-
ing concentrations of paclitaxel-shifted stathmin from the active, nonphosphorylated
form to the inactive, fully phosphorylated protein; a change that would enhance pacli-
taxel sensitivity by allowing for unopposed microtubule stabilization. In contrast, in the
paclitaxel-resistant cell lines the increase in phosphorylation did not occur. Coordinate
changes in MAP4 were also reported, with only the active, nonphosphorylated form
found in the drug-naive parental cell line, whereas in the resistant A549-T24 cells the
inactive, phosphorylated protein was predominantly expressed. A partial adaptation was
noted in the less-resistant A549-T12 cells with expression of both the phosphorylated
and the nonphosphorylated forms of MAP4. These changes in stathmin and MAP4, two
tubulin-/microtubule-regulatory proteins acting in concert would be expected to increase
the dynamicity/instability of the microtubules in the paclitaxel-resistant A549 cells and
contribute to the resistant phenotype.

Given the nearly two-dozen proteins that have been shown to stabilize and destabi-
lize microtubules (see Chapter 4), one can envision how complex a formula might be
needed to predict the outcome of their interplay on the stability of the microtubule.
Although only a subset of these proteins will be expressed in a given cell at any given
time, the regulation of microtubule dynamics is likely to involve proteins other than
stathmin and MAP4. The majority of these other proteins have not been explored. For
example, E-MAP-115 is a MAP expressed in cells of epithelial origin, whose expres-
sion appears to be linked to the degree of differentiation. In HT29-D4 colon adenocar-
cinoma cells only low levels of E-MAP-115 can be detected in undifferentiated cells,
and these levels increase during differentiation; the MAP4 levels do not change during
differentiation (61). Furthermore, consistent with its function as a microtubule-stabiliz-
ing MAP, overexpression of E-MAP-115 in MCF-7 and HeLa cells has been shown to
increase their sensitivity to paclitaxel (97).

7.5. Altered Drug Binding to the Microtubule
Surprisingly, although acquired mutations affecting drug binding to its primary target

have been reported for several chemotherapeutic agents, a small number of drug selected
cell lines exist that have acquired such mutations following selections with microtubule
interacting agents. The reasons for this are beyond the scope of this chapter, but likely
include:

326 Horwitz and Fojo



1. The imperfect fit of drugs that have evolved in nature to target other tubulins and have
been adapted as cancer chemotherapeutics to target human tubulins; 

2. The adaptability of the drug interacting sites; 
3. The relative intolerance of tubulin for structural changes; 
4. The availability of numerous other mechanisms of resistance as discussed in this chap-

ter that might arise more readily. 

Nevertheless, several examples of altered drug binding have been reported in drug-
resistant cell lines selected with microtubule-stabilizing agents. Examples of this mech-
anism of drug tolerance were reported following the isolation of paclitaxel-resistant
human ovarian carcinoma cell lines from an A2780 subclone designated A2780 (1A9).
Two independent sublines, 1A9PTX10 and 1A9PTX22, were isolated and shown to be
20- to 30-fold resistant to paclitaxel (41). Interestingly, these paclitaxel-resistant cells
retained their sensitivity to epothilone B and to 2-m-azido-benzoyl-Taxol, two micro-
tubule-stabilizing drugs that are considerably more potent than paclitaxel, and in the
case of the epothilones likely have a (somewhat) separate binding site within the drug-
binding pocket. Unlike the cell lines described previously that harbor tubulin mutations
that alter the dynamicity/stability of the microtubules, these cell lines were not found to
be paclitaxel-dependent. Consistent with a stable, inheritable change, such as an acquired
mutation, the resistant phenotype was stable even after the cells had been passaged in
drug-free medium for up to 3 yr. The total tubulin content of the resistant cells was sim-
ilar to that of the drug-naive parental cells. Furthermore, unlike the cell lines with the
tubulin mutations that altered the dynamicity/stability of the microtubules, the fraction
of tubulin that was polymerized was similar in the parental and resistant cells, suggest-
ing that microtubule dynamics/stability was not altered. However, tubulin purified from
the resistant cells polymerized poorly or not at all in the presence of paclitaxel when
assayed in vitro, suggesting that the acquired changes (mutations) abrogated paclitaxel-
binding. When the sequence of βI, the major β-tubulin isotype, was determined,
1A9PTX10 cells were found to harbor a Phe270Val substitution, whereas 1A9PTX22
cells had acquired an Ala364Thr. Molecular modeling studies demonstrated that Phe270
is close to the region of tubulin in contact with the baccatin ring system of paclitaxel
(98,99) (see Chapter 9). It is possible that substituting the phenyl ring with the less bulky
side-chain of valine could disrupt paclitaxel binding in the mutant tubulin. In addition,
epothilone A and B were used in similar drug selections again starting with the A2780
(1A9) subclone (39,40). The resultant epothilone-resistant cell lines were shown to have
impaired epothilone- and paclitaxel-induced tubulin polymerization and to also harbor
acquired mutations. In the epothilone A selected subline, a Thr274Ile substitution was found,
whereas in the epothilone B isolate an Arg282Glu change was detected. Molecular mod-
eling suggested that the Thr274Ile substitution could disrupt a hydrogen bond between
the threonine hydroxyl and the C7-hydroxyl of the epothilones that might stabilize the
epothilone–tubulin interaction (39,40). Arginine 282 had been previously shown to be
the site of photoincorporation of 7-BzDC paclitaxel (20).

7.6. Alterations in Signaling Pathways
The number of crucial cellular proteins that bind to, interact with or are transported

by the microtubules continues to increase (100–102). Among these are numerous key
proteins that mediate signaling pathways, and existing data has shown that microtubule-
interacting agents can interfere with these interactions (39,40,100,103,104). The best 
documented example of a signaling pathway intertwined with microtubules is the
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mitogen-activated protein kinase (MAPK) pathway whose components include the extra-
cellular signal-regulated kinases (ERK)1 and ERK2. Several investigators have docu-
mented activation of ERK-signaling following microtubule disruption, a response that
might be seen as adaptive (105–107). That the activation of the MAPK pathway might
be beneficial, is supported by the additive toxicity seen when paclitaxel was combined
with the MEK inhibitor, U0126 (107). This study documented this interaction, but more
importantly highlighted that the degree of activation of the MAPK pathway determines
whether the interaction between paclitaxel and a MEK inhibitor is additive/synergistic,
or antagonistic. The enhanced paclitaxel cytotoxicity when a MEK inhibitor is coad-
ministered may involve more than one mechanism and this must be further clarified. In
addition to the often-stated “inhibition of the survival-signaling function of the MAPK
pathway,” synergism may also occur owing to enhanced microtubule polymerization, as
it has been proposed that microtubule stabilization is inhibited by MAPK activation
(105). Although this latter explanation may provide a microtubule specific link, it is not
surprising that pathways implicated in other settings as promoting cellular survival have
also been said to modulate sensitivity to microtubule interacting agents. For example,
overexpression of a catalytically active subunit of PI-3 kinase (PI3k) in ovarian cancer
cells confers paclitaxel resistance, and this tolerance can be reversed with a selective
PI3k inhibitor (108). And similarly, overexpression of EGFRvIII, a receptor variant of
the EGFR gene with a deletion encompassing exons 2-7 has been reported to increase
paclitaxel tolerance. The EGFRvIII variant, the most common alteration of the EGFR
gene, is associated with constitutive activation of the pERK (MAP kinase) (62) and the
phosphatidylinositol 3-kinase pathways (PI3k/AKT) (109), consistent with increased
cellular survival.

Other signaling pathways that may interact directly or indirectly with microtubule
function include the Erb pathways. For example, in breast cancer cells ErbB2 overex-
pression inhibits Cdc2 activation and paclitaxel-induced cell death, by deregulating the
G2/M cell-cycle checkpoint (110). A possible explanation for this observation has been
provided by the demonstration of elevated levels of inhibitory phosphorylation of Cdc2
on tyrosine 15 in ErbB2-overexpressing breast cancer cells and primary tumors (111).

Finally as discussed previously, oncogenic growth factor signaling may represent a
novel mechanism for the modulation of tubulin isotypes (63). Although intellectually
attractive, this hypothesis will require validation in cell models and in human tumors
that express oncogenic forms of receptor tyrosine kinases.

8. PACLITAXEL RESISTANCE IN PATIENTS

Understanding the mechanisms of resistance to paclitaxel in the clinic is best consid-
ered a work in progress. Both intrinsic and acquired resistance occurs in the clinic, and
to what extent the mechanisms responsible for these presentations overlap is uncertain.
In the attempt to understand clinical drug resistance, the field is still in the information-
gathering phase, and the data gathered to date is preliminary at best. Given these caveats
potential mechanisms that have been investigated can be summarized as follows:

1. Alterations in tubulin isotype composition; 
2. Alterations in tubulin/microtubule regulatory proteins;
3. P-glycoprotein mediated resistance;
4. Tubulin mutations.
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8.1. Alterations in Tubulin Isotype Composition in Tumors
Given the data discussed previously as to the potential role that differential isotype

expression might have in paclitaxel sensitivity, a limited number of studies have exam-
ined the isotype expression profile in clinical samples. The first and most convincing of
these examined the β-tubulin isotype expression profile using reverse transcription-
polymerase chain reaction and were undertaken in paclitaxel-sensitive and -resistant
human ovarian carcinomas (57). As conventionally defined clinically, a tumor was
deemed to be resistant to paclitaxel if disease progression had occurred during treat-
ment, or there had been a relapse within 6 mo of successful treatment. Compared with
primary untreated ovarian tumors the paclitaxel-resistant tumors displayed significant
increases in class I (3.6-fold), class III (4.4-fold), and class IVa (7.6-fold) β-tubulin.
These findings were confirmed and extended in 41 patients with a diagnosis of
advanced ovarian cancer. The β-tubulin isotype expression was evaluated by semiquan-
titative and real-time polymerase chain reaction and by immunohistochemistry. A sta-
tistically significant upregulation of class III β-tubulin was detectable at both the mRNA
and protein level in the resistant subset (112). 

In similar studies, the prognostic value of the isotype expression pattern in tumors
was examined in 19 patients with nonsmall-cell lung cancer receiving taxane-based reg-
imens. Patient samples were stained with antibodies directed against total β-tubulin, as
well as classes I, II, and III β-tubulin isotypes. As expected, all tumors stained with the
antibody against the class I-tubulin isotype. Furthermore, a majority of the tumor sam-
ples expressed class II and class III, although the percent of positive cells varied signif-
icantly between tumors. The authors noted that the progression-free survival of patients
whose tumors expressed high levels of the class III-tubulin isotype was shorter (41 d)
than that of patients whose tumors had low levels (288 d, p = 0.02). Furthermore, the
tumor in two of the nine patients (22%) whose tumors had high levels of class III-tubu-
lin responded to chemotherapy compared with 6 among the 10 patients (60%) whose
tumors had low levels of expression (Fisher exact test: p = 0.11). Although not conclu-
sive, these data suggest that high expression of class III-tubulin by tumor cells is asso-
ciated with poor prognosis in patients with NSCLC receiving a taxane-based regimen
(113). Although these studies examined clinical samples, the authors would note that in
mouse xenografts established from 12 human ovarian carcinoma specimens obtained
before or after the paclitaxel therapy, no correlation was observed between β-tubulin
mRNA expression and paclitaxel sensitivity (59).

8.2. Alterations in Tubulin/Microtubule Regulatory Proteins 
in Human Cancers

Based on the in vitro data implicating proteins that stabilize and destabilize micro-
tubules with drug resistance, the levels of such proteins have been examined in clinical
samples. In a recent phase 1 clinical study using a sequential doxorubicin/vinorelbine
regimen, a partial correlation was observed with induction of p53 and decreased MAP4
expression both in peripheral blood mononuclear cells and in tumors. This observation
is consistent with the in vitro studies demonstrating transcriptional regulation of MAP4
by wild-type p53 (93). A larger number of studies have examined stathmin mRNA lev-
els in a wide range of malignancies. These have documented elevated stathmin mRNA
levels in breast carcinoma cells from patients with more aggressive disease and in acute
leukemias, lymphomas, as well as a diverse group of carcinomas (114–117).
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8.3. P-Glycoprotein Mediated Resistance
Although paclitaxel has been shown to be effective in a broad range of cancers

including ovarian, breast, and lung cancer, a subset of solid tumors have proven refrac-
tory to paclitaxel therapy. Solid tumors that are intrinsically resistant to paclitaxel and
that express P-glycoprotein such as colon cancer and renal cell carcinoma may be resist-
ant by virtue of the expression of this transporter. Although the fact that clinical responses
to epothilone B, which is not a substrate for P-glycoprotein, have been reported in these
patients is consistent with this thesis, but clear evidence for this is lacking (118,119).
Indeed in women with advanced ovarian cancer no statistically significant changes of
MDR-1 expression were noticed between those with chemotherapy sensitive tumors
and those whose tumors were clinically resistant to chemotherapy, either at the mRNA
or protein level (112).

8.4. Tubulin Mutations in Human Tumors
To date seven β-tubulin pseudogenes have been reported (120–122). Their existence

makes it difficult to use genomic DNA as the starting point for analyzing the precise
nucleotide sequence of β-tubulin (123,124). With these constraints, an analysis of 62
human breast cancer tumors did not result in any β-tubulin mutations (125). Similarly,
when 30 paclitaxel-resistant specimens (nine ovarian cancers, nine ovarian cancer cell
lines, and 12 ovarian cancer xenografts in nude mice) were analyzed, a very high degree
of sequence conservation in class I β-tubulin was noted, without detectable mutations
in class I β-tubulin (126). No mutations were detected when the genomic sequence of
Class I -tubulin from a series of 29 patients with resected lung tumors (15 male, 14
female, median age 67 yr) was examined (127). Although further studies may be forth-
coming the data to date suggest that mutations will not likely be found in clinical
samples (128–131).
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SUMMARY

Patient relapse during or following chemotherapy is a complex problem that poten-
tially involves suboptimal drug dosing, changes in pharmacokinetics, sequestration of
cancer cells, and genetic changes in the tumor cells themselves. This review focuses
on possible mechanisms of drug resistance caused by mutations in cancer cells, and
critically discusses evidence from cell culture models in support of each of these
mechanisms.
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1. INTRODUCTION

Antimitotic drugs are important agents for treating a number of medical conditions
including gout, Chediak-Higashi Syndrome, Familial Mediterranean Fever, cutaneous
fungal infections, helminthiasis, and others (1). Their best known use, however, is in the
treatment of cancer. The vinca alkaloids, vinblastine, and vincristine, are first line drugs
for acute lymphocytic leukemia, Hodgkin’s lymphoma, testicular carcinoma, Ewing’s
sarcoma, hepatoblastoma, pheochromocytoma, and Wilm’s tumor. More recently, tax-
anes including paclitaxel and docetaxel have become front line drugs for treating breast,
ovarian, head and neck, and lung carcinomas (2). The importance of these drugs in can-
cer therapy derives in part from the fact that they inhibit the microtubule cytoskeleton,
a unique target for cancer drugs. Because they do not target DNA synthesis, structure,
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or replication like most other cancer drugs, antimitotic drugs are effective choices for
use in combination chemotherapy. As a result, much current effort is being devoted to
find new drugs that target microtubules, and to modify existing drugs to enhance their
therapeutic index.

Despite the effectiveness of these agents, their ability to cure cancer is limited by the
problem of drug resistance. Many patients who initially respond to chemotherapy even-
tually relapse and their tumors become refractory to further treatment with the drugs
that previously worked so well. Patients may relapse for a variety of reasons. Temporary
forms of resistance may include the migration of cancer cells into areas such as the
central nervous system that are not well-penetrated by the drugs. In such cases, the
patient can be treated with radiation or intrathecal drug administration to reach these
“hidden” cells. Other temporary forms of resistance might include changes in the way
the drug is metabolized, excreted, or delivered to the tumor cells. Again, however, it
may be possible to overcome this resistance by altering the manner by which the drug
is administered or by switching to an analog of the drug with different pharmacological
properties. A more permanent form of resistance occurs when there are genetic changes
in the tumor cells themselves that exclude the drug from entry or interfere with the
action of the drug. It is this last form of resistance that will be covered by this review.
Since much of the work in this area has been covered in previous reviews (3–6), the
focus here will be to provide a framework for understanding why different results have
been reported by various laboratories, and to summarize some of the most notable
contributions that have appeared after the earlier reviews were written. 

2. SELECTIONS FOR DRUG RESISTANCE

The central premise for studying drug resistance is that understanding the underlying
mechanisms should make it possible to prevent resistance or to circumvent it when it
occurs. But how does one uncover these mechanisms? Studies involving patients are too
problematic: the patient population is too heterogeneous, the drugs may be given sub-
optimally and/or in combination with a variety of other drugs, the tumor cells are often
difficult to obtain and are contaminated with other nontumor cells from the patient, and
pretreatment controls are not always available. Animals represent a more genetically
defined population and are more experimentally tractable, but still suffer from a num-
ber of drawbacks that include expense, a mixture of temporary and permanent forms of
resistance, and difficulties in growing and analyzing tumor cells ex vivo. Most research
laboratories have therefore turned to cultured cell lines to carry out their studies. This
approach, however, can still present problems. Many mammalian cell lines suffer from
unstable genomes, slow growth, and an inability to grow from a single cell. To avoid
these limitations, we have chosen to carry out studies using Chinese hamster ovary
(CHO) cells. These cells have the advantage of a relatively fast doubling time (12 h), a
stable genome that ensures that any mutants isolated will not be rapidly lost, and a very
high cloning efficiency that gives the ability to start selections with a homogeneous cell
population. Moreover, many laboratories have selected mutant cell lines from CHO
cells, making this the most genetically well-characterized mammalian cell line available
(7). Although not of human origin, the nearly identical amino acid sequences of tubulin
between the two species suggests that similar mutations and mechanisms of resistance
will be found in CHO cells.
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Once an appropriate cell line is chosen, it is necessary to formulate a protocol to
isolate drug resistant mutants. Ideally, the cells should be recloned to be sure one starts
with a genetically homogeneous population, and the sensitivity of the cells to a given
drug should be established by measuring the cloning efficiency of the cells in various
concentrations of the drug. Because a typical spontaneous mutation frequency for drug
resistance is on the order of 10−6 to 10−5 (8,9), the drug concentration used for mutant
selection should, in most cases, be able to reduce the cloning efficiency to those levels.
The selection is then quite simply to plate a sufficient number of cells in a lethal con-
centration of the drug, wait for resistant colonies to appear, isolate each colony individ-
ually, grow the cells, and analyze the phenotypes. This kind of single step procedure
gives only low resistance (two- to fivefold), but also provides the maximum likelihood
that single gene mutations will be responsible for the drug resistance, and that biochem-
ical and phenotypic differences between the mutant and parental cells will be linked to
the mutation.

For many (but not all) human cancer cell lines, this kind of single step procedure is
unworkable because of their inability to grow from single cells. In these cases, multi-
step selection schemes are often used in which cells are treated with a toxic concentra-
tion of the drug, survivors are regrown, and the cells are then treated with a higher
concentration of the same drug. This procedure is often repeated through many cycles
yielding cell populations that can be 100 or even 1000-fold resistant. The final cell pop-
ulation is usually analyzed directly.

Each of these procedures has advantages and limitations. Because mutations occur
spontaneously during the growth of cells (10), the short, single step procedure has the
advantage that a single mutation is likely to be responsible for the drug resistance
phenotype. On the other hand, the low level of resistance makes it more difficult to
clearly measure differences in drug sensitivity. The multistep procedure gives more robust
resistance that is easily measured, but suffers from two major limitations. Because the
selections may start with a heterogeneous cell population, and because the cells are
grown over a period of months during the selection, the final cell population is likely to
have numerous genetic and phenotypic differences compared with the starting cell popu-
lation. Such complex phenotypes make it very difficult to sort out, which changes are
directly responsible for drug resistance, which may be secondary changes related to
drug resistance, and which are coincidental and have no relationship to drug resistance.

A second disadvantage of multistep procedures is that they are inherently biased; i.e.,
not all mechanisms are capable of producing high resistance. Thus, cell lines that are sev-
eral hundredfold resistant to an antimitotic drug are unlikely to have changes in tubulin as
their primary mechanism of resistance. Tubulin is a highly conserved, essential protein
that does not tolerate major changes in structure. As a result, it is only able to acquire sub-
tle mutations that increase resistance to drugs a few fold. To acquire high resistance, other
changes are needed, the most common of which is P-glycoprotein mediated multidrug
resistance (MDR). Because it is a nonessential (at least in cell culture) membrane protein,
P-glycoprotein can be mutated and/or amplified to give very high levels of resistance in
mutant cells. Single step mutants may also acquire resistance by MDR or tubulin based
mechanisms, but they are not biased toward MDR as are the multistep procedures and sel-
dom produce cell lines in which multiple mechanisms of resistance coexist.

Regardless of the selection method used, it should be recognized that finding a
mutation or biochemical change in a drug resistant cell line does not prove that the
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alteration is responsible for resistance. To establish proof, it is necessary to demon-
strate further changes in the same gene upon reversion of the resistance, or show that
wild-type cells transfected with the mutant, but not the wild-type, gene become drug
resistant. Our laboratory has used both approaches to demonstrate that mutations in
tubulin genes are sufficient to confer resistance in wild-type cells (11–15).

3. MECHANISMS OF DRUG ACTION

Microtubules are essential structures in all eukaryotic cells. They exist as cytoplas-
mic filaments that serve as highways for the transport of vesicles into and out of the cell,
they are needed to maintain the structure and organization of the endoplasmic reticulum
and the Golgi apparatus, and they are the major structural component of the axonemes
responsible for ciliary and flagellar motility. Their most essential function, however, is
to segregate sister chromatids before cell division. Thus, drugs that interfere with micro-
tubule assembly are frequently called spindle poisons or antimitotic drugs because cells
treated with these agents form dysfunctional spindles and become blocked in mitosis.
Most known antimitotic drugs act by binding to αβ-tubulin heterodimers, the building
blocks for microtubule assembly, but they bind to multiple sites and act by differing
mechanisms. Drugs like colchicine, vinblastine, and vincristine inhibit microtubule
formation and bind to one of two sites: the colchicine site located on β-tubulin near the
intradimer interface (16), or the vinca site located near the interdimer interface (17–19).
More recently, a third class of drugs that includes paclitaxel, docetaxel, and epothilones
has been described that promotes microtubule assembly and binds to β-tubulin at the
taxane-binding site (17).

The mechanisms by which these drugs act to inhibit microtubule function are dis-
cussed in another chapter in this volume. Functionally, the drugs can be divided into two
groups: those that inhibit the formation of microtubules, and those that promote micro-
tubule assembly and stabilize the filaments to disassembly. Microtubules are known to
be very dynamic structures that frequently transit from states of growth to rapid disas-
sembly (20). Microtubule inhibitory drugs like colchicine, vinblastine, and vincristine
bind to αβ-tubulin heterodimers and poison the growth of microtubules (21); whereas
microtubule stabilizing drugs like paclitaxel and epothilones bind to polymerized tubu-
lin and inhibit microtubule disassembly (22). The fact that drugs that inhibit or promote
microtubule assembly are equally toxic argues that this dynamic behavior is crucial to
the function of the microtubule cytoskeleton (23).

4. MECHANISMS OF RESISTANCE

Once a drug resistant cell line has been isolated, the hard work begins: namely, find-
ing the genetic mutation or biochemical change that is causing resistance. To facilitate
the search, it is useful to consider some theoretical mechanisms by which cells can
acquire resistance to antimitotic drugs. Figure 1 shows a simplified scheme depicting
the plasma membrane and the intracellular microtubule machinery. When an antimi-
totic drug (D) is added to the culture medium (or serum in the case of an in vivo
tumor), it is able to diffuse through the lipid bilayer and enter the cell because most of
these drugs are quite hydrophobic. Once in the cell, the drug can either be pumped
back out by P-glycoprotein mediated MDR (site 1) or bind to its intracellular target, tubu-

340 Cabral



lin (site 2). The binding of the drug to tubulin can then influence the distribution of the
protein between the soluble and polymer pools (site 3). If the intracellular drug con-
centration is sufficiently high, the steady state assembly of tubulin may be disrupted to
such an extent that mitosis is blocked and the cells are killed. The concentration of
drug needed to produce these effects could potentially be influenced by the composi-
tion and/or amount of tubulin present in the cell (site 4), or by the presence or activity
of microtubule interacting proteins (MIPs) (site 5). In the following sections, the
involvement of each of these sites of action in mammalian cell drug resistance will be
discussed in more detail.

4.1. P-Glycoprotein Mediated MDR (Site 1)
The phenomenon of MDR has been studied for more than 30 yr. The most common

form of MDR is mediated by a low specificity membrane pump, called P-glycoprotein
that spans the membrane 12 times and expels a large repertoire of hydrophobic, weakly
cationic compounds from the cell (24). Given that many of the most powerful drugs for
treating cancer are substrates for P-glycoprotein, MDR is widely believed to be a major
cause for the failure of chemotherapy. A number of recent clinical observations, how-
ever, have begun to question the prevalence of this mechanism. For example, it has been
recognized that cancer patients resistant to Adriamycin are still sensitive to paclitaxel
therapy even though both drugs are substrates for P-glycoprotein (25). Moreover,
patients resistant to paclitaxel are frequently sensitive to the structural analog docetaxel,
making MDR an improbable cause of the resistance (26).

Discrepancies between the expected prevalence of MDR based on in vitro studies, and
its actual prevalence found by clinical experience are likely to be due in part to the mul-
tistep selections used to obtain drug resistant cells in culture, a procedure that is biased
toward the MDR phenotype as described in Subheading 2 of this review. The prevalence
of MDR in single step selections, on the other hand, appears to depend on the drug being
used. Early selections for paclitaxel resistance yielded cell lines with changes in tubulin
rather than MDR; and in one large study in CHO cells less than 10% of resistant cell lines
had the MDR phenotype as judged by cross resistance to unrelated drugs (27). Although
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Fig. 1. Hypothetical mechanisms of resistance to antimitotic drugs. D, drug; MIPs, microtubule inter-
acting proteins. Numbers refer to various mechanisms that are described in the text.



a subsequent study in human cells reported a higher incidence of MDR (40%), it still
appeared less frequently than other mechanisms (28). In the case of drugs such as vin-
blastine and colchicine that inhibit microtubule assembly, on the other hand, MDR is the
predominant mechanism of resistance even in single step selections where it is found in
approx 80% of mutant cell lines (29). Why is MDR so much more prevalent in selections
using these latter drugs? Although it is possible that these drugs have higher affinity for
P-glycoprotein, a simpler argument is that tubulin mutations that cause paclitaxel resist-
ance are much more common than mutations that cause resistance to drugs that inhibit
microtubule assembly. A rationale for this explanation will be discussed later.

4.2. Altered Drug Binding (Site 2)
Even if a drug is able to accumulate within a cell, it must still be able to bind to tubu-

lin in order to affect microtubule assembly and produce cytotoxicity. Thus, it stands to
reason that mutations in tubulin that reduce drug-binding affinity should produce drug
resistance. In fact, some of the earliest mutants resistant to an antimitotic drug, benomyl,
were isolated in Aspergillus nidulans and were found to have defects in drug binding
(30). Altered drug binding was also reported in CHO cells selected for resistance to
colchicine, but subsequent sequencing of tubulin from the mutant cells failed to reveal
any mutations (31,32). In contrast, other CHO mutants resistant to colchicine, colcemid,
and griseofulvin were shown to have altered tubulin yet exhibited no evidence for
altered drug binding (33,34).

In order to make sense of these conflicting results, it is useful to remember that
reduced drug binding should produce a recessive phenotype. Thus, in A. nidulans which
expresses a single β-tubulin gene during hyphal growth and can propagate as a haploid,
mutations in tubulin that reduce drug binding will produce cells that are drug resistant.
In mammalian cells, however, which are diploid and express multiple tubulin genes (35),
a single gene mutation that reduces drug binding will generally not produce resistance
because other wild-type tubulins are still present to bind the drug with normal affinity
and inhibit microtubule assembly. Indeed, as will be discussed under Subheading 4.3,
most mammalian cell lines with alterations in tubulin have properties that are inconsis-
tent with altered drug binding as a mechanism of resistance.

Nevertheless, several recent publications have appeared reporting mutations in tubulin
that affect drug binding in mammalian cells. In one report, β-tubulin mutations were
found in cells selected in multiple steps to 24-fold resistance to paclitaxel (36). The prox-
imity of the mutations to the drug-binding site and the observation that the cells were
much less resistant (1.4- to 3-fold) to epothilone B, another drug that stabilizes micro-
tubules and binds to the same site, prompted the authors to conclude that the mutations
acted by inhibiting the binding of paclitaxel to tubulin. It is noteworthy, however, that
when the authors looked at expression levels of the mutant allele, they found almost no
coexpression of the wild-type allele, even though it was clearly present at the DNA level. 

This observation suggests a plausible scenario for the generation of these cells. Early
steps in the selection may have allowed the survival of a population of cells with tubu-
lin mutations that confer low resistance to paclitaxel and epothilone B, but increased
sensitivity to vinblastine, a phenotype that is characteristic of changes in microtubule
assembly (see Subheading 4.3). 

Some of these mutations may have affected paclitaxel binding in addition to altering
microtubule assembly, but altered binding could not contribute to the phenotype because
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of the coexpression of the wild-type allele. On further selection in paclitaxel, mutations
that confer resistance solely by altering microtubule assembly would be lost because they
are incapable of conferring a high level of resistance. Cells with mutations that addition-
ally affect drug binding, however, could survive at the higher drug concentrations by now
allowing the drug binding phenotype to contribute to the resistance, provided the wild-
type allele was lost. Thus, in order for the drug-binding phenotype to be seen, the
cells had to become functionally haploid. The same authors reported similar results
in cells selected for resistance to epothilones A and B but did not indicate whether
these cells were also functionally haploid (37). A second laboratory has described the
isolation of human lymphoblastoid cells 115-fold resistant to indanocine, a drug that
binds to the colchicine site. These cells were found to also exhibit 40-fold cross-resistance
to vinblastine, a drug that binds to a different site (38). Despite this drug cross-resistance
pattern, the authors favored a mechanism based on altered drug binding based, in part,
on the proximity of the mutation to the colchicine-binding site. Although the authors did
not measure mutant expression, sequencing indicated the absence of heterozygosity at
the mutant locus, indicating that these cells were also functionally haploid for the major
β-tubulin gene.

Based on these limited studies, it appears that drug-binding mutations represent a
major mechanism of resistance in haploid organisms, but are not common in mam-
malian cells when single step selections are used. In multistep selections, on the other
hand, selective pressure for resistance to relatively high drug concentrations results in
mutant cells with multiple genetic changes; i.e., a tubulin mutation that affects micro-
tubule assembly and drug binding coupled with loss of a wild-type tubulin gene and, in
some cases, increased activity of P-glycoprotein or other mechanisms that limit intra-
cellular accumulation of the drug.

Parenthetically, it should also be pointed out that it is possible to isolate mutations
that increase drug binding. Unlike mutations that decrease drug binding, these mutations
should behave in a dominant fashion and produce increased drug sensitivity even when
wild-type subunits are present. Direct selections for these mutants, however, are prob-
lematic because they are the cells that are dying in drug resistance selections. Recently,
a revertant of a colcemid resistant cell line was described with a mutation (A254V) in
helix 8 of β-tubulin, close to the colchicine binding site. Unlike most mutations that
have been analyzed, transfection of β-tubulin containing A254V into wild-type CHO
cells, increased colcemid sensitivity four- to fivefold but did not change sensitivity to
paclitaxel or vinblastine (15). Moreover, it did not alter the assembly of the microtubule
cytoskeleton, consistent with a mechanism based on changes in drug binding. Similarly,
an L215I β-tubulin mutation created by site-directed mutagenesis and transfected into
CHO cells increased the sensitivity of the cells to paclitaxel, but not to epothilone A or
colcemid. Expression of this mutant β-tubulin also did not perturb microtubule assem-
bly and thus appeared to be acting by enhancing the binding of paclitaxel (39).

4.3. Altered Microtubule Assembly (Site 3) 
Some of the earliest mammalian cell mutants resistant to antimitotic drugs were

shown to have alterations in tubulin by two-dimensional gel electrophoresis
(27,33,40–42). These mutants were selected in a single step from a cloned CHO cell
line and displayed a consistent phenotype that suggested a resistance mechanism based
on changes in microtubule assembly. For example, it was commonly seen that cells
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selected for resistance to a drug that inhibits microtubule assembly were cross resistant
to other drugs that inhibit assembly, but were more sensitive to paclitaxel, a drug that
promotes assembly. Conversely, cells resistant to paclitaxel were more sensitive to
drugs that inhibit microtubule assembly. Resistance of the cells in these single step
selections was low (two- to fivefold) and the resistance was dominant in somatic cell
hybrids. Also, alterations in both α- and β-tubulin were found among cells selected for
resistance to any given drug. Together, these properties argued against a mechanism of
resistance involving changes in drug binding.

Even more telling, however, was the isolation of CHO mutants that were not only
resistant to paclitaxel, but also dependent on the drug for proliferation (27,43). Clearly,
reduced drug binding could not explain this phenotype. Instead, a model was proposed
in which the mutations affect microtubule assembly in a manner that opposes the action
of the drug (34,44). The model is based on the premise that tubulin in mammalian cells
is not fully polymerized at steady state and that the extent of polymerization provides a
read-out for the stability of the microtubules. Cells proliferate normally so long as micro-
tubules remain dynamic and microtubule stability stays within acceptable limits (shaded
area, Fig. 2). Changes in stability will manifest as changes in the distribution of tubulin
between the soluble (heterodimer) and polymer (microtubule) pools. Drugs such as col-
cemid that destabilize microtubule assembly will cause treated cells to make less micro-
tubule polymer (a lower percentage polymerized tubulin [%P]), whereas drugs like
paclitaxel that stabilize microtubules will lead to a higher %P. The model predicts that
mutations in tubulin that confer resistance to microtubule destabilizing drugs make
microtubules more stable, thereby increasing %P to the upper limits of the shaded region
in Fig. 2. This increased stability explains why colcemid resistant cells are frequently
more sensitive than wild-type cells to the stabilizing effects of paclitaxel. 

Conversely, mutations that confer resistance to paclitaxel make microtubules less stable
and decrease %P to the lower limits of the shaded region. Cells with these destabilized
microtubules will therefore tolerate more paclitaxel but will show increased sensitivity
to colcemid. The model also predicts the existence of drug-dependent mutants (27,43).
Paclitaxel-dependent cells have tubulin mutations that decrease %P lower than the
shaded region; i.e., the microtubules are too unstable to function normally. Addition of
any agent that stabilizes microtubules would then increase %P back into the shaded
area, allowing the cells to carry out their microtubule mediated functions. Colcemid-
dependent mutants should also exist, but have not been selected directly. However, a
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Fig. 2. The extent of microtubule assembly in wild-type and mutant CHO cell lines. Solid arrow, the
level of assembly in wild-type cells; shaded area, levels of assembly associated with drug resistance
and normal growth; clear areas inside the dotted lines, levels of assembly associated with drug-
dependent growth; areas outside the dotted lines, levels of assembly associated with lethality.



colcemid-dependent phenotype can be created by transfection and overexpression of a
mutant tubulin that confers colcemid resistance (45).

To evaluate whether drug resistant cells conform to this model, an assay was devel-
oped that allows an accurate and precise measure of the extent of tubulin assembly in
wild-type and mutant cell lines (46). With this assay, it was found that wild-type CHO
cells have about 38% of their cellular tubulin in the polymer fraction. All paclitaxel
resistant CHO cells that have been examined to date have values for %P that are lower
than 38%; all CHO cells resistant to drugs that inhibit microtubule assembly have %P
values greater than 38%. Also consistent with the model, paclitaxel-dependent cell lines
have values for %P as low as 12–15% (47). The transition of resistance into dependence
(see Fig. 2) was established by examining cell lines that appeared to be only partially
dependent on the presence of a selecting drug for growth (27). For paclitaxel, this tran-
sition occurs at approx 22%P (47). In the case of colcemid, a transition point of approx
55%P was estimated by noting that colcemid resistant cells seldom have values more
than 50%P (14) and that a transfected cell line overexpressing tubulin with a colcemid
resistance alteration had a value of 57%P and showed signs of partial colcemid depend-
ence (47). Thus, examination of a variety of drug resistant mutant cell lines has given a
good quantitative picture of the limits on microtubule stability that can be tolerated by
a mammalian cell line before functionality of the microtubules is lost. 

Although the actual numbers may vary from cell line to cell line, it is anticipated that
most cells can tolerate a sizable increase or decrease in microtubule assembly before tox-
icity is encountered. By isolating revertants of a colcemid resistant mutant with a micro-
tubule stabilizing D45Y mutation, it has also been possible to identify tubulin mutations
such as βQ292H that decrease microtubule stability even more radically (15). Wild-type
cells transfected with a β-tubulin complementary DNA (cDNA) containing the Q292H
mutation under the control of an inducible promoter are unable to proliferate even in the
presence of the microtubule stabilizing drug, paclitaxel. These cells have values for %P
that are below the lower dotted line in Fig. 2. Thus, drug dependence is only seen within
a limited range of microtubule disruption, and some mutations cannot be corrected by
adding the appropriate drug to counteract their effects on microtubule assembly.

Although the studies just described were carried out in CHO cells, it is likely that
similar mechanisms of resistance occur in human cells. An early study in a human small
cell lung cancer cell line identified a paclitaxel resistant mutant with partial drug
dependence, an increased sensitivity to vinca alkaloids, and an altered α-tubulin in iso-
electric focusing gels (48). More recent publications using single step and multistep
selections to relatively low levels of resistance have reported α- and β-tubulin mutations
that act by altering microtubule assembly in a variety of human and rodent cell lines
(summarized in Table 1).

It might be anticipated that mutations affecting microtubule assembly should affect
multiple regions of the tubulin molecule. This expectation is supported by early observa-
tions that alterations in both α- and β-tubulin were associated with resistance to any
given antimitotic drug (27,29,33,40–42,49). The earliest sequenced mutations found in
paclitaxel and epothilone resistant mammalian cells were located near the paclitaxel
binding site but were reported to affect drug binding (36,37). It was surprising, therefore,
that the first 12 sequences from paclitaxel resistant CHO mutants with clear alterations
in microtubule assembly, indicated various amino acid substitutions at L215, L217, and
L228 of β-tubulin (13), a small region close to the paclitaxel binding site (Fig. 3).
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Table 1
Drug Resistance Mutations in Mammalian Cells

Mutation Phenotype Mechanism Location References

αA12S HTI-286R ↑MT stability H1 95
αE55K CmdR ↑MT stability H1/S2 loop 14
αS165P HTI-286R ↑MT stability H4/S5 loop 96
αR221H HTI-286R ↑MT stability H6/H7 loop 96
αH283Y CmdR ↑MT stability M loop 14
αS379R PtxR ↓MT stability S10 79
αA383V CmdR ↑MT stability H11 14
αI384V HTI-286R ↑MT stability H11 96
αR390C CmdR ↑MT stability H11 14
βD45Y CmdR ↑MT stability H1/S2 loop 14
βV60A PtxR ↓MT stability H1/S2 loop 15
βS172A HTI-286R ↑MT stability T5 loop 96
βP173A EpoR ↓MT stability T5 loop 97
βC2911F CmdR ↑MT stability H6 14
βL215F PtxR ↓MT stability H6/H7 loop 13
βL215H PtxR ↓MT stability H6/H7 loop 13
βL215R PtxR ↓MT stability H6/H7 loop 13
βL215I PtxSS ↑drug binding H6/H7 loop 39
βL217R PtxR ↓MT stability H6/H7 loop 13
βD224N CmdR ↑MT stability H7 14
βL228F PtxR ↓MT stability H7 13
βL228H PtxR ↓MT stability H7 13
βA231T EpoR ↓MT stability H7 98
βS234N CmdR ↑MT stability H7 14
βL240I VcrR ↑MT stability H7 99
βA254V CmdSS ↑drug binding H8 15
βF270V PtxR ↓drug binding M loop 36
βT274I EpoR ↓drug binding M loop 37
βR282Q EpoR ↓drug binding M loop 37
βQ292H Lethal ↓↓MT stability H9 15
βQ292E EpoR ↓MT stability H9 97,98
βK350N CmdR, IndR ↑MT stability, S9 14,38

↓drug binding
βA364T PtxR ↓drug binding S9/S10 loop 36
βY422C EpoR ↓MT stability H12 97

Cmd, colcemid; Epo, epothilone; Ptx, paclitaxel; Ind, indanocine; Vcr, vincristine; HTI, hemiasterlin;
R, resistance; SS, supersensitivity.

Data from several laboratories including the author’s own, however, subsequently iden-
tified residues in both α- and β-tubulin outside of this area that are associated with pacli-
taxel resistance and with resistance to other antimitotic drugs (see Table 1). Thus, the
reason for the initial cluster of mutations at L215, L217, and L228 remains unexplained.
One attractive hypothesis is that this region plays an especially crucial role in maintaining
tubulin in an assembly competent conformation, and so mutations or paclitaxel binding in
this area can more easily influence microtubule assembly. In support of this notion, a
recent publication comparing the structures of soluble (assembly incompetent or “curved”
conformation) tubulin and filamentous (assembly competent or “straight” conformation)



tubulin noted that the greatest changes occurred in the positions of helix 6, helix 7, and
the H6-H7 loop, the exact regions where the cluster of mutations was found (16).

It should be noted that a growing list of mutations are reported to be associated with
drug resistance in various cell lines, but finding a mutation in a resistant cell line does
not prove that the mutation is responsible for resistance. To accomplish this, loss of the
mutation in a drug sensitive revertant or demonstration of drug resistance in wild-type
cells transfected with the mutant gene is necessary. This, however, has only been done
for a few of the reported mutations. For example, it was shown that the altered β-tubulin
in a colcemid-resistant cell line was lost or further altered at high frequency in revertants
of colcemid-resistant and paclitaxel-resistant CHO cell lines (11,15,27,50). More
recently, a tetracycline regulated expression system has been used to demonstrate that 
β-tubulin mutations identified in drug-resistant CHO cells are able to confer resistance in
a tetracycline regulated manner when transfected into wild-type CHO cells (12–15,51).

4.4. Altered Tubulin Synthesis (Site 4) 
Mammalian cells express multiple tubulin genes whose protein products are highly

homologous but have unique sequences that differ most notably in the last 15 amino
acids (35). Interestingly, these C-terminal sequences are well-conserved across verte-
brate species and has led to the classification of 7 distinct β-tubulin isotypes (52).
Moreover, many of these distinct gene products or isotypes are expressed in a tissue-
specific manner, fueling the hypothesis that different isotypes carry out different func-
tions (53). Transfection experiments, however, have indicated that all isotypes coassemble
into all microtubules (54). On the other hand, some in vitro studies have uncovered
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Fig. 3. Structure of an αβ-tubulin heterodimer. The model was drawn with MacPymol (pymol.source-
forge.net) based on published atomic coordinates 1JFF (94). Note that only a portion of the α-subunit
(blue) is shown. The β-subunit is labeled to show helix 6 (H6) and helix 7 (H7) as well as residues
L215 (green), L217 (cyan), and L228 (yellow). GTP and GDP are shown as pink spheres; docetaxel
(an analog of paclitaxel) is shown in red. To view this figure in color, see the insert and the companion
CD-ROM.



small, but potentially significant differences in drug binding or assembly among puri-
fied, or partially purified, tubulin isotypes (55). Thus, it is reasonable to conclude that
cells could potentially alter the synthesis of specific β-tubulin isotypes as a way to gain
resistance to antimitotic drugs.

Evidence for such a mechanism came first from a series of multistep mutants selected
for moderate resistance to paclitaxel (reviewed in ref. 56). These studies reported
increased expression of βII-tubulin in mouse macrophage cells (57), βI–βII,βIII, and
βIVa in human lung cancer cells and ovarian tumors (58), and βIVa in human leukemia
cells (59). Although these studies were consistent with the idea that altered synthesis
of specific tubulin isotypes might constitute a mechanism of drug resistance, they only
provided a correlation, not a proof. Moreover, it seemed unlikely that so many different
isotypes could be contributing to drug resistance. Some experimental evidence also
argued against such a mechanism. One study used single step selections to obtain pacli-
taxel resistant human sarcoma cells (28). Resistant clones had reduced rather than ele-
vated expression of specific tubulin isotypes, and other drug-sensitive clones also
exhibited reduced expression of these isotypes making it unlikely that altered expres-
sion was tied to the drug-resistance phenotype. A second laboratory reported increased
expression of βIII and βIVa-tubulin in human prostate carcinoma cells selected for
resistance to estramustine (60), a drug that inhibits microtubule assembly and binds to
a site that is distinct from other antimitotic drugs (61). It seemed unlikely that increased
expression of the same isotypes could confer resistance to two drugs with opposing
mechanisms of action and separate binding sites.

In an effort to clear up the conflicting data and provide direct evidence for a role of
tubulin expression in drug resistance, CHO cells were transfected with cloned cDNAs
for βI-, βII-, and βIVb-tubulin under the control of a tetracycline-regulated promoter
(12). The results showed that overexpression of these isotypes was insufficient to alter
sensitivity to paclitaxel. Transfection of a cDNA containing a mutation in the βI-tubulin
gene, on the other hand, produced clear resistance to the drug. A later publication
reported the effects of βIII-tubulin overexpression (62). This isotype is normally found
in appreciable amounts only in neuronal and Sertoli cells (55) but is also expressed in
many tumor cells for reasons that are as yet unclear (63). When expressed in CHO cells,
it was found to efficiently assemble into microtubules and produce no obvious pheno-
type at low levels of expression. When expressed at 50% of total tubulin, however, it
caused a small reduction in polymerized tubulin and conferred weak (1.5–2X) resist-
ance to paclitaxel. At still higher levels of expression (80% of total tubulin), it became
toxic and interfered with mitotic progression. This toxicity was not reversed by
paclitaxel and so resistance in those cells could not be measured. It thus appears that
βIII-tubulin is able to confer very weak resistance to paclitaxel but does not appear to
be capable of conferring the high levels of resistance reported in the studies described
earlier in this section.

More recently, a mouse βV-tubulin cDNA was transfected into CHO cells with quite
interesting results (51). Unlike earlier transfections, even low expression of βV-tubulin
reduced polymerized tubulin and conferred resistance to paclitaxel. Higher levels of
expression (50% of total tubulin) produced a dramatic reduction in cellular micro-
tubules that could be reversed by paclitaxel. These cells were approx twofold resistant
to the drug but also required the drug for growth. In the absence of paclitaxel, the cells
exhibited mitotic defects similar to the paclitaxel-dependent cells described earlier.
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As pointed out in an earlier review (35), β-tubulin isotypes can be divided into two
groups: outside of their C-termini, βI, βII, and βIV have very similar amino acid
sequences and are widely distributed among vertebrate tissues. A second group consisting
of βIII, βV, and βVI is much more heterogeneous in sequence and its members exhibit
tissue-specific expression (neuronal tissue for βIII; hematopoietic cells for βVI), or
wide distribution but low abundance in the case of βV (55). It is interesting that overex-
pression of members of the first group have little or no effect on microtubule assembly
or drug resistance whereas overexpression of two members of the second group have
small to dramatic effects on the same properties. One possible explanation for these
differences is that members of the first group are used to build the basic microtubule
structure whereas members of the second group are used in various tissues to modulate
the properties of the microtubule cytoskeleton.

Altered synthesis of some β-tubulin isotypes thus appears to be a viable mechanism
for changing the assembly properties of microtubules and conferring weak resistance to
drugs such as paclitaxel. Mechanistically, these isotypes appear to act in manner simi-
lar to mutant forms of βI-tubulin that confer paclitaxel resistance; i.e., they produce a
dominant phenotype, reduce microtubule assembly, and confer only low resistance to
the drug. It will be interesting to determine which amino acid differences in βIII and βV
relative to βI are responsible for these effects.

4.5. Alterations in MIPs (Site 5) 
In previous sections it has been seen that changes in microtubule assembly frequently

accompany the drug resistance phenotype and thus, it makes sense to suggest that tumor
cells might use a variety of mechanisms to modulate microtubule assembly and thereby
gain resistance to chemotherapy. It has long been recognized from in vitro studies that
cells produce a variety of proteins that cofractionate with polymerized tubulin and that
promote the assembly of purified tubulin. The earliest such proteins, called micro-
tubule-associated proteins (MAPs) are large fibrous polypeptides that form a stable
association with intact microtubules (64). In the intervening years, many additional pro-
teins have been discovered that bind stably or transiently to microtubules or to soluble
tubulin heterodimers (65,66). Collectively, all of these proteins (including the MAPs)
are referred to as MIPs.

The role of MIPs in drug resistance is still uncertain. Although many of these pro-
teins have been shown to affect microtubule assembly in vitro, it should be recognized
that they may have very different roles in living cells. For example, structural MAPs
have been repeatedly shown to promote microtubule assembly in vitro and to alter
microtubule dynamics, yet in vivo studies have yielded conflicting results. In an early
microinjection study, tau, a brain-specific MAP was reported to cause microtubule bun-
dles and to make the microtubules more resistant to nocodazole-induced disassembly
based on a fluorescence assay in which the time required for microtubule disassembly
in high concentrations of the drug was measured (67). The time required for micro-
tubule dissolution, however, may not be a valid measure of cellular resistance to a drug.
What is needed is a measurement of cloning efficiency of the cells in various concen-
trations of the drug. Using this as an assay, a later publication reported that overexpres-
sion of neither MAP 4, a ubiquitous high molecular weight MAP nor tau had any effect
on level of polymerized tubulin or drug resistance in CHO cells even though the tau
rearranged microtubules into bundles that depolymerized slowly (68). The absence of
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any effect with overexpression of MAP 4 was consistent with lack of any phenotype in
Drosophila with a genetic knockout of a MAP similar to MAP 4 (69), and in CHO cells
microinjected with an antibody that prevented MAP 4 from binding to microtubules
(70). The lack of effects of these manipulations on microtubule assembly and drug
resistance could potentially be explained by assuming that the function of these MAPs
is redundant with other MAPs in the cell. Even if true, however, it would not change the
fact that mutations or changes in expression of these MAPs are unlikely to affect drug
sensitivity. In contrast to these studies, others have reported changes in drug sensitivity
in response to overexpression of MAP 4 (71,72). The reasons for these discrepancies are
uncertain but could include differences in cell lines or differences in the assays used to
measure sensitivity to antimitotic drugs.

In addition to the structural MAPs, several other tubulin interacting proteins have
been shown to affect microtubule assembly in vitro. These include stathmin, a protein
that binds two tubulin heterodimers and acts by sequestering tubulin and/or promoting
microtubule catastrophe (73), mitotic centromere associated kinesin (MCAK), a
kinesin-like protein that binds to microtubule ends to promote disassembly (74), and
katanin, a protein that severs intact microtubules (75). Each of these proteins can desta-
bilize microtubules and perhaps thereby confer resistance to paclitaxel and/or enhanced
sensitivity to drugs like colcemid, but there is currently little evidence that they are actu-
ally involved in mechanisms of resistance. The use of antisense RNA to reduce stath-
min in erythroleukemia cells has been linked to increased microtubule assembly,
resistance to vinblastine, and increased sensitivity to paclitaxel, a phenotype consistent
with increased stabilization of microtubules (76).

Conversely, the use of transfection to increase stathmin levels has been reported to
decrease microtubule polymer and confer resistance to both paclitaxel and vinblastine
(77). The unexpected resistance to vinblastine was attributed to a decrease in the ability
of the cells to enter mitosis when stathmin was overexpressed; but it should be noted
that another laboratory reported increased sensitivity to vindesine in stathmin overex-
pressing cells, an outcome that is more consistent with the observed decrease in micro-
tubule polymer (78). In addition to these transfection studies, a direct selection for
paclitaxel resistance has yielded cells with increased active stathmin (79); but the cells
also have a point mutation in α-tubulin making it unclear whether it is the change in
stathmin that is responsible for drug resistance. Thus, there are tantalizing indications
that MIPs may be able to confer resistance to antimitotic drugs. Inconsistencies in the
reported data, however, and the large number of tubulin interacting proteins that have
yet to be examined, suggest there is still much work to be done in this area.

5. MECHANISMS THAT OCCUR MOST FREQUENTLY

Although a variety of mechanisms are theoretically capable of producing resistance
to antimitotic drugs, the mechanism seen most commonly depends upon the experimen-
tal conditions used to select mutants. Thus, decreased drug binding is a major mecha-
nism of resistance in lower eukaryotes, but is not commonly seen in mammalian cells
unless accompanied by additional changes that lead to mutant tubulin being almost the
only tubulin produced. It has also been seen that multistep selections are frequently
biased for the survival of mutants with MDR, whereas the predominant mechanism of
resistance in single step selections depends on which drug is used. Analysis of hundreds
of single step mutants in CHO cells has demonstrated that about 80% of mutants
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selected for resistance to drugs that destabilize microtubules are multidrug-resistant,
whereas >90% of mutants selected for resistance to drugs that stabilize microtubules
have tubulin alterations. The reason for this large difference in which mechanism pre-
dominates is not clear, but one simple explanation is that mutations that destabilize
microtubules (resistance to stabilizing drugs) are much more frequent than mutations that
stabilize microtubules (resistance to destabilizing drugs). Of course, these numbers will
vary considerably based on the actual drug chosen for mutant selection. For example, many
newer drugs under development are able to circumvent the MDR pathway and in selections
using those drugs, it is expected that tubulin mutations will be the most common.

Of the mutants that are not multidrug resistant, our experience indicates that virtually
all have mutations in either α- or β-tubulin that affect microtubule assembly. To date,
changes have not been found in drug binding, tubulin synthesis, or MIPs in any cell line
selected for resistance to an antimitotic agent. Moreover, transfection of mutant tubulin
cDNA has invariably been able to confer resistance in wild-type cells indicating that the
mutant tubulin alone is sufficient to confer resistance. Thus, the fact that changes in
tubulin isotype expression or stathmin can produce drug resistance under a defined set
of experimental conditions does not necessarily mean that those mechanisms will be
found at an appreciable frequency under selective conditions for mutant isolation.

6. CLINICAL AND BIOLOGICAL SIGNIFICANCE

Understanding how cells acquire resistance to a drug used in chemotherapy is clearly
of importance to learn how to prevent patient relapse, circumvent relapses when they
occur, and design diagnostic tests for the early detection of drug resistant tumor cells. The
question that has not yet been adequately answered is what mechanism is most commonly
associated with clinical resistance to chemotherapy. For a large number of tumors of
epithelial origin, inherent resistance to a wide range of antitumor antibiotics is seen
because they derive from tissues that are naturally high in P-glycoprotein. For tumors that
are initially sensitive to drugs but acquire resistance during or after therapy, however, the
cause of resistance is much less clear. Because patients are usually treated with a combi-
nation of drugs having diverse mechanisms of action, it would make sense that MDR,
which can confer simultaneous resistance to many drugs, should be very common; but, as
mentioned earlier, many patients who fail combination chemotherapy remain sensitive to
drugs such as paclitaxel even though accumulation of these drugs in the cell should be lim-
ited by P-glycoprotein. This suggests that mutations in tubulin might represent a major
mechanism of resistance to antimitotic drugs in patients, just as it does in cell culture.
Although tubulin mutations frequently give only low resistance (e.g., two- to fivefold),
this should be sufficient to protect a tumor cell from chemotherapy because the drugs are
usually given to patients at concentrations close to the maximum tolerated dose.

A number of recent studies have begun to directly address whether tubulin mutations
are commonly found in tumors from patients who have relapsed on paclitaxel therapy,
but to date no mutation that alters the coding sequence of the major βI-tubulin has been
found. An initial study examining the sequence of β-tubulin in nonsmall-cell lung
tumors found numerous changes that appeared to correlate with patient response to
paclitaxel (80). The results were troubling, however, because they suggested a high inci-
dence of tubulin mutations in tumors that had not received treatment with any antimi-
totic drug. In fact, a later study failed to replicate the findings and showed that the
authors of the original work had been sequencing pseudogenes (81). Not surprisingly,
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numerous other studies have reported the absence of tubulin mutations in tumors from
nontreated patients (82–87). Two studies, however, examined tumors from patients that
failed paclitaxel therapy but again found no tubulin mutations (88,89). Although there
are a number of possible technical and experimental problems that could explain these
negative results, a likely conclusion is that tubulin mutations do not account for patient
relapse under current conditions of therapy.

The paradox thus exists that the resistance mechanisms that appear to be most com-
mon in tissue culture are not commonly found in an in vivo situation. How does one
explain this result? It is likely that the lack of tubulin alterations in vivo simply means
that other mechanisms of relapse are more common. Although these other mechanisms
could also be cellular, the fact that they are not commonly seen in tissue culture, makes
this unlikely. Rather, the author proposes that patient relapse occurs most frequently
because of noncellular, pharmacological changes. For example, a patient could relapse
because of increased metabolism or excretion of one or more of the drugs used in com-
bination chemotherapy. This would explain why patients who fail paclitaxel chemother-
apy are often responsive to docetaxel even though the two drugs have the same
mechanism of action and are both extruded from the cell by P-glycoprotein (26). Once
the relevant pharmacological factors are identified, it should be possible to alter the
manner in which the drug is administered, or switch to a related drug with different
pharmacokinetic properties, to reduce the number of relapses that are seen. Even with
optimized drug administration, however, relapses are likely to still occur because of the
cellular mechanisms described in this review.

Beyond the obvious importance of understanding mechanisms of resistance for clin-
ical reasons, the isolation of cell lines with mutant tubulin has provided unique insights
into microtubule assembly and structure. One of the most exciting discoveries in micro-
tubule biology in recent years was the elucidation of the crystal structure for tubulin
(90). Although this has given an unprecedented glimpse into microtubule structure (91),
the structural model is in need of biological and genetic confirmation. Moreover, the
dynamic aspects of microtubule assembly need to be integrated with structural informa-
tion in order to get a true understanding of microtubule regulation. The existence of a
library of mutant tubulins will be crucial for understanding how structure supports
microtubule function. Already, a number of mutations in α- and β-tubulin have been
shown to localize to regions that were predicted by the structural model to form lateral
and longitudinal contact sites (see Table 1). These mutations have frequently been found
to affect microtubule polymer levels, and in one case, has also been shown to affect
microtubule dynamics (92). 

Further analysis of how specific mutations affect the assembly and dynamic behavior of
microtubules should begin to give a detailed molecular view of how tubulin function is
affected by its assembly. For example, a recent study has used mutants to probe how much
stability or instability is consistent with essential microtubule function in living cells and to
further elucidate how tubulin expression is affected by microtubule assembly (47). Other
mutations have been shown to affect residues in β-tubulin that are near drug binding sites
and that may decrease affinity for the drug (36,37) or in some cases increase the affinity
(15,39). This information will be useful in designing new drugs with increased efficacy.
Additional phenotypes have been produced by looking for revertants of drug resistant
mutants. Such revertants may have second mutations in the same gene that counteract the
effects of the first mutation (15), have second mutations that increase drug binding affinity
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(15), or have mutations that produce unstable tubulin (93,100). These latter mutations
should be helpful to further dissect the folding pathway for tubulin and to reveal the signals
that target assembly defective forms of tubulin for degradation.
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SUMMARY

As essential components of cell shape, signaling, movement and division, microtubules
(MTs) are crucial to normal cellular functions and survival. Beginning with vincristine
in the 1950’s numerous agents targeting the microtubules have been identified and
developed as anti-cancer agents. Their use in the clinic has at times led to complete
regression of tumors, but unfortunately in too many cases, regressions have not
occurred or have been followed by the recurrence of tumor that is then usually resistant
to the agent that appeared initially to be effective. These clinical observations have
driven a body of work that has sought to understand why some cells are resistant to
begin with while others become resistant after drug treatment. Numerous approaches
have been used to identify the molecular changes responsible for this differential
sensitivity, and once identified these have been used to understand at a structural level
how resistance is conferred. These studies have helped to elucidate mechanisms of
drug resistance and also enhance our understanding of how microtubule-targeting
drugs interact with tubulin and the microtubules.

Key Words: Microtubules; drug-resistance; taxanes; vinca alkaloids; colchicine;
tubulin mutations.
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1. INTRODUCTION

Microtubules (MTs) are major dynamic structural components in cells that are essential
for the development and maintenance of cell shape, cell signaling, movement, and division.
They are cytoskeletal polymers built by self-association of αβ-tubulin dimers that exist in
a state of dynamic equilibrium between the polymer and its soluble dimer form. This con-
stant shortening and elongation is necessary for MTs to function within a cell.

Drugs that bind to either tubulin or MTs form one of the most effective classes of
anticancer agents. This class of drugs is large, and continues to expand. The majority
of these compounds are natural products, but they have remarkably diverse chemical
structures. Tubulin-targeting agents are divided into two main groups according to their
effects on microtubule polymer mass. The first group is made up of microtubule-
destabilizing drugs that bind preferentially to tubulin dimers and inhibit tubulin assembly.
These include the Vinca alkaloids, cryptophycins, and colchicine. The second group is
made up of microtubule-stabilizing drugs that bind preferentially to the microtubule
polymer, enhance tubulin polymerization and include the taxanes (such as Taxol™ and
Taxotere), epothilones, eleutherobins, laulimalide, and discodermolide. Although all
these drugs bind to distinct sites on the microtubule or the tubulin dimer, they all affect
microtubule dynamics, block mitosis at the metaphase/anaphase transition, and conse-
quently induce cell death (for review, see ref. 1). As cancer cells are more dynamic and
divide at much higher rates than normal cells, the drugs are most toxic to cancer cells.

Currently, there are five known drug-binding sites on tubulin: four that are well-
characterized and a fifth that is not yet thoroughly characterized. They have names
assigned depending on which drug was originally found to bind the site. The taxane-
binding site on β-tubulin (Fig. 1) is shared by drugs that stabilize MTs and bind 
preferentially at the microtubule polymer (2–6). The prototype of this class of drugs is
Taxol™ (7), but newer members include the epothilones (8), discodermolide (9), eleuther-
obin, and the sarcodictyins (10).

All of the other well-characterized binding sites, with the exception of the fifth bind-
ing site, are shared by drugs that bind preferentially to unpolymerized tubulin, inhibit-
ing tubulin assembly. These destabilizing agents either form covalent crosslinks to
tubulin cysteine residues, like Cys-β239, such as the small molecules 2,4-dichlorobenzyl
thiocyanate (11) and T138067 (12); bind tubulin at the colchicine site (Fig. 1) such as
the combretastatins (13), curacins (14), 2-methoxyestradiol (2ME2) (15), and the
podophylotoxins (16); bind tubulin at the Vinca domain (Fig. 1), such as maytansin and
rhizoxin (17,18); or locate in α-tubulin as do the hemiasterlins (19), which also bind at
the Vinca domain (20), and perhaps the cryptophycins (for review, see ref. 21). In the
case of drugs that bind at the Vinca alkaloid or the colchicine sites, it should also be
noted that although they show a preference for unpolymerized tubulin, they can also
bind MTs to a lesser extent (1).

The fifth binding site, on tubulin, has been recently identified as the location where
the microtubule-stabilizing drug laulimalide binds (22). This is the first report of the
existence of a second drug-binding site other than the taxane site on the microtubule
polymer that promotes microtubule stability. Recently, a microtubule-stabilizing natural
product derived from a New Zealand marine sponge, peluroside, was also found to
compete with laulimalide for this site (23). Future studies are warranted to identify the
exact location of this novel binding site.
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2. CLINICAL APPLICATIONS OF MICROTUBULE-TARGETING DRUGS

The use in medicine of natural products containing microtubule-targeting drugs dates
back to antiquity. In more recent years, the microtubule-destabilizing compounds have
been widely used in the treatment of human disease, even before the protein tubulin was
discovered as their target. Today, microtubule-destabilizing drugs are being used as anti-
fungal and antihelminthic agents (24), whereas colchicine is also being used for treat-
ment of both familial Mediterranean fever (25) and gout (26). However, the main use of
microtubule-targeting drugs is in clinical oncology.

The Vinca alkaloids vinblastine and vincristine, the first antitubulin agents
released for clinical trials in 1961, were approved by 1966 for the treatment of child-
hood acute leukemia. However, the mechanism of action of these Vinca alkaloids
was not elucidated until later. In fact, in a case report published in 1968, where
intrathecal administration of high doses of vincristine caused the death of childhood
leukemia patient, postmortem staining of the spinal cord revealed the presence of
argentophilic strands and rhombohedral crystals (27). At the time, the report authors
suggested that the mechanism by which vincristine produced these neuronal changes
might lie in a decrease in DNA and RNA synthesis. Since then, the understanding of
the mechanism of action of these drugs has deepened significantly, and it is now
known that these histological findings were likely owing to the formation of
paracrystaline tubulin aggregates, which are often observed when tubulin is exposed
to high concentrations of Vinca alkaloids. Although the Vinca alkaloids had been
used successfully for the treatment of both hematological malignancies and solid
tumors, interest in the development of new agents that target MTs declined until the
introduction of Taxol™ into clinical oncology.
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Fig. 1. An overview of some of the ligand-binding sites on the α.β-tubulin dimer. Both microtubule
stabilizing (taxane-binding site) and destabilizing (Vinca-, colchicine-binding sites), ligands are
represented. Hemiasterlin has been shown to bind at the Vinca-domain as well as in α-tubulin. Red
circles represent approximate locations rather than site identity. To view this figure in color, see the
insert and the companion CD-ROM.



Arguably the most effective anticancer agent introduced since cisplatin, Taxol’s
remarkable activity in a broad range of malignancies reignited interest in tubulin and
MTs as chemotherapeutic targets. Taxol™, the prototype of the microtubule-stabilizing
drugs, was originally isolated in 1971 from the bark of the Pacific yew tree, Taxus 
brevifolia (28), becoming the first microtubule-stabilizing natural product described.
Taxol’s unique mechanism of action, first reported in 1979 (7), generated intense inter-
est in its clinical development. In the ensuing years, Taxol™ was moved into the clinic,
where its oncological response rates have been continually improved. So far, the tax-
anes Taxol™ and Taxotere have been approved by the Food and Drug Administration
(FDA) for the treatment of ovarian, breast, prostate, head and neck, and nonsmall-cell
lung cancer (NSCLC). The authors expect that these clinical indications will continue
to expand (29,30).

3. DRUG RESISTANCE

The clinical success of Taxol™, together with the fact that its antitumor spectrum
appears to be the broadest of any class of anticancer agents, make MTs arguably the single
best anticancer drug target identified to date. However, the emergence of drug resistant
tumor cells has limited Taxol’s ability to cure disease. Anticancer drug resistance is best
defined as a state of insensitivity or decreased sensitivity of cancer cells to drugs that would
ordinarily cause cell death. This resistance can be either intrinsic or acquired. Intrinsic
resistance is defined as a state of insensitivity to initial therapy in response to a drug or com-
bination of drugs. On the other hand, acquired drug resistance is defined as a state whereby
a population of cancer cells that were initially sensitive to a drug undergoes a change
toward insensitivity. Acquired drug resistance is the most common reason for the failure of
drug treatment in cancer patients with initially sensitive tumors, and as such, is presently
responsible for the majority of deaths from cancer. The gravity of the drug resistance prob-
lem in clinical oncology has led to intense scientific efforts to understand the molecular
mechanisms that lead to drug resistance, as well as to identify the ways to overcome it.

In the case of Taxol™, several mechanisms of resistance have been described. With
the exception of P-glycoprotein (Pgp)-mediated multidrug resistance (MDR) (31,32)
resulting in decreased intracellular drug accumulation, all other mechanisms appear to
involve alterations in tubulin. Such alterations in Taxol™-resistant cancer cells include:
(1) differential expression levels of β-tubulin isotypes (33–35), (2) increase in micro-
tubule dynamics  (36), decreased ability of Taxol™ to suppress microtubule dynamics in
cells overexpressing βIII-tubulin (37); and most importantly, (3) the presence of tubulin
mutations that impair the drug’s ability to interact with tubulin (38–41).

Research on tubulin mutations is not new. The tubulin protein, first isolated in 1968
as “the colchicine-binding protein” (42), has since been the subject of constant discov-
eries not only regarding its wide array of cellular functions, but also the variety of
effects that different microtubule-targeting drugs have on it. The original discoveries of
relationships between tubulin mutations and drug resistance actually began in the late
1970s. In fact, the first study reporting that tubulin mutations can confer resistance to a
microtubule-targeting drug, benomyl, found this resistance to be because of a decrease
in binding affinity in cells from the fungal strain Aspergillus nidulans (43). Following
this initial discovery, two later studies described a reduction in the binding affinity of
radiolabeled colcemid to tubulin (44), as well as an altered electrophoretic mobility of

360 Giannakakou and Snyder



β-tubulin obtained from Chinese hamster ovary cells resistant to either colcemid or
colchicine, respectively (45). However, no specific tubulin mutations were identified in
these drug resistant cells.

In the ensuing years, discoveries of drug resistance to antimitotic agents owing to
alterations or mutations in tubulin continued to amass in studies involving lower organ-
isms such as the yeast Schizosaccharomyces pombe (46) and the myxoamoebae
Physarum regarding resistance to benzimidazol (47), as well as in organisms resistant
to benomyl such as Neurospora crassa (48) and Saccharomyces cerevisiae (49).
However, it was not until 1997 when acquired tubulin mutations conferring Taxol™
resistance in human cancer cells were described for the first time (38).

Since then, several other groups have described acquired tubulin mutations in
human cancer cell lines, which confer resistance to either microtubule-stabilizing or
microtubule-destabilizing drugs, making tubulin mutations one of the most frequently
encountered mechanisms of antitubulin-drug resistance. In the end, what this means is
that no matter where an organism is on the phylogenetic tree, it may be capable of
acquiring mutations in its tubulin genes as a mechanism that allows these organisms to
survive in otherwise toxic circumstances, such as in the presence of the powerful
tubulin-targeting drugs. Thus, the acquisition of mutations that alter cellular MTs’
response to drug binding appears to be a simple but universal mechanism for an organ-
ism’s survival in the presence of these drugs.

In this chapter, the focus will be on the discoveries involving drug resistance through
acquired tubulin mutations in human cancer cells, as well as the role of these mutations
in the cell’s sensitivity to other microtubule-targeting drugs belonging to both similar
and distinct drug-binding classes. The authors believe that this mechanism of drug
resistance occurs very frequently and almost invariably when intracellular drug accu-
mulation is not impaired, as is evidenced by the numerous ongoing reports of acquired
tubulin mutations in response to in vitro selection with different microtubule-targeting
drugs. In this chapter the attempt will be to thoroughly describe all separate tubulin
mutations that can confer drug resistance, as identified to date in human cancer cell
lines, according to each drug’s binding site on tubulin.

4. TAXANE-BINDING SITE TUBULIN MUTATIONS

This section will cover tubulin mutations identified in human cancer cell lines
selected with either Taxol™ or the epothilones.

4.1. Mutations in Response to Selection With Taxol™
The taxanes, Taxol™ and its semisynthetic analog Taxotere (Fig. 2), were among

the most important new additions to the cancer chemotherapeutic arsenal after 1990.
The taxanes bind preferentially and with high affinity to the β-subunit of the tubulin
dimer, along the entire length of the microtubule. Electron crystallographic studies on
Taxol™ complexed with tubulin have allowed the precise identification of the amino
acids, which include the taxane-binding pocket on β-tubulin (6) and revealed the loca-
tion of the site at the inside lumen of the microtubule (50). At high drug concentrations
there is one molecule of Taxol™ bound on every molecule of tubulin dimer in a micro-
tubule, which results in increased tubulin polymerization both in vitro and in cells at
approximately a 1:1 stoichiometry. However, even at lower concentrations of Taxol™
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where one molecule of Taxol™ is bound to every few hundred tubulin molecules along
the microtubule, microtubule function can still be affected by a reduction in microtubule
dynamics, which ultimately leads to microtubule stabilization, mitotic arrest, and cell
death (for review, see ref. 51).

Research on the mechanisms involved in taxane resistance has revealed that
sequence alterations of single amino acids at the taxane-binding site can have a sig-
nificant impact on the drug’s ability to bind tubulin. As mentioned earlier, this work
has provided the first identification of acquired β-tubulin mutations in Taxol™-resistant
human cancer cell lines (38). Two distinct β-tubulin mutations in two human 
ovarian cancer clones were identified, namely clones 1A9/PTX10 and 1A9/PTX22,
selected independently with Taxol™ from the parental 1A9 human ovarian cancer
cells. Sequence analysis of the predominantly expressed β-tubulin isotype (class
I/gene HM40) revealed that both mutations were single nucleotide substitutions at
residues βPhe270Val in 1A9/PTX10 cells, and βAla364Thr in 1A9/PTX22 cells (38)
(see Figure 3 and Table 1). As a result, impaired Taxol™-induced tubulin polymeriza-
tion was observed in the two clones, which were found to exhibit a 30-fold resistance
to Taxol™. To exclude other potential cellular alterations that could contribute to the
observed Taxol™ resistance the mutant tubulins from each clone were purified and in
vitro tubulin polymerization experiments with Taxol™ were performed. The purified
tubulins from clones 1A9/PTX10 and 1A9/PTX22 failed to polymerize in vitro in the
presence of Taxol™, in contrast to the 1A9 wild-type (wt) parental cell tubulin, which
was readily polymerized by Taxol™ under the same conditions. These results pro-
vided direct evidence that these specific acquired mutations were indeed responsible
for the Taxol™-resistance, owing to a compromised drug-binding site on tubulin.
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However, these two β-tubulin mutant clones exhibited very low cross-resistance to
epothilone B (EpoB) (about two- to threefold), even though epothilone competes
with Taxol™ for the same binding site on β-tubulin. Consistent with this finding,
EpoB was still able to induce polymerization of these two isolated mutant tubulins in
vitro. Thus, it appears that although the taxane-binding site is the same for the two
drugs, the specific amino acids necessary for binding of each drug to this pocket are
distinct as determined by a comparison of epothilone A (EpoA) and Taxol™ bound to
β-tubulin (52) (Fig. 11).

Subsequent reports have described other acquired β-tubulin mutations in human
breast cancer MDA-MB-231 cells (41) and human epidermoid cancer KB-31 cells (40),
following Taxol™ selections (Table 1). In the first case, a mutation was described in the
class I β-tubulin gene at residue βGlu198Gly located near the α/β interphase (41).
These β-tubulin mutant MDA-MB-231 breast cancer cells displayed 17-fold resistance
to Taxol™, some cross-resistance to Taxotere and the epothilones and did not express
Pgp. Although the authors of this report did not isolate the mutant tubulin from their
resistant cells to perform in vitro binding assays, they did, however, introduce exogenous
wt class I β-tubulin into these resistant cells, thereby demonstrating partial reversal of the
resistant phenotype, suggesting that this mutant residue was indeed responsible for the
taxane-resistant phenotype seen in these cells. In a second study, Hari et al. (40) reported
the identification of a novel point mutation βAsp26Glu in class I β-tubulin. This muta-
tion is at the N-terminus of β-tubulin, which forms part of the taxane-binding pocket (6),
and confers an 18-fold resistance to Taxol™ with minimal cross-resistance to EpoB and
the Taxol™ analog milataxel (MAC-321), yet 10-fold cross-resistance to Taxotere.
Interestingly, these β-tubulin mutant KB3-1 cells are also drug-dependent, as they
require the presence of low concentrations of Taxol™ in the tissue culture medium for
optimal growth. This finding would be consistent with the presence of less stable MTs as
has been reported in other studies of drug-resistant cell lines displaying a combination of
Taxol™-resistant and Taxol™-dependent phenotypes (36,53).

Along the same lines, two related studies have described the characteristics of yet
another Taxol™ selected human cancer cell line, the NSCLC A549 cells (36,53). In
these studies two clones derived from the A549 parental cells were isolated and charac-
terized, namely A549-T12 and A549-T24. The A549-T12 cells were found to be nine-
fold resistant to Taxol™ and did not express P-gp, whereas the A549-T24 cells were
17-fold resistant to Taxol™ and expressed low levels of P-gp. Sequence analysis
revealed no alterations in the class I β-tubulin sequence; however, an α-tubulin muta-
tion αSer379Arg was detected in the kα1-isotype of α-tubulin (53) (Table 1).
Interestingly, the ability of Taxol™ to induce tubulin polymerization in these cells has
not been impaired, suggesting that the presence of this mutation in α-tubulin is not
likely to affect the binding of Taxol™ to its target site. The A549-Taxol™ resistant cells
are also drug-dependent and were found to have increased MTs dynamics (36) as well
as alterations in the microtubule-associated proteins (MAPs) MAP4 and stathmin. As a
result, it has been postulated that α-tubulin, and hence the identified αSer379Arg
mutation, may play a role in the binding of these regulatory proteins to MTs, thus
ultimately regulating microtubule dynamics. However, there is no evidence that the
presence of this mutation plays a role in the observed Taxane-resistance, as no in vitro
data using this particular purified mutant have been gathered. Similarly, the mutation
has not been reintroduced into cells harboring wt tubulin to observe what effects it alone
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Table 1 
α- and β-Tubulin Mutations in Drug-Resistant Human Cell Lines

Line and Tubulin Fold resistance to Fold cross-
selecting agent mutation selecting agenta resistance

Taxolb

1A9PTX10 βPhe270Val 24 (38) Docetaxel 4.2 (98)
(ovarian MAC321 3.4 (98)
carcinoma) EpoA 8.9 (98)

EpoB 2.8 (38)
TacA 2.3 (99)
TacE 4.8 (99)
Vinblastine 0.5 (38)
Laulimalide 1.5 (22)
Noscapine 1 (100)

1A9PTX22 βAla364Thr 24 (38) Docetaxel 4.4 (98)
(ovarian MAC321 5 (98)
carcinoma) EpoA 2.3 (98)

EpoB 1.4 (38)
TacA 2.1 (99)
TacE 12 (99)
Vinblastine 0.4 (38)
Laulimalide 1.6 (22)
Noscapine 1 (100)

MDA.MB231/K20T βGlu198Gly 19 (41) Vinblastine 1.0 (41)
(breast cancer)

KB 3-1/KB-15- βAsp26Glu 18 (40) Taxotere 10 (40)
PTX/099 
(epidermoid 
carcinoma)

A549-T24 (NSCLC) αSer379 Ser/Arg 17 (53) Vinblastine 1.4 (53)
Colchicine 1.3 (53)

Epothilonesb

1A9/A8 βThr274Ile Epo A Taxol™ 10 (57)
(ovarian 40 (57) 4.1 (98)
carcinoma) 55 (22) 8.0 (99)

7.6 (22)
Docetaxel 7 (57)
1.2 (98)
MAC321 1.6 (1)
EpoB 25 (57)
38 (22)
TacA 2.9
TacE 4.2
Laulimalide 2.4 (3)

1A9/B10 βArg282Gln Epo B Taxol™ 6.5 (57)
(ovarian 24 (57) 9.4 (22)
carcinoma) Docetaxel 5 (6)

EpoA 57 (57)
74 (22)
Laulimalide 3.8

(Continued)
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Table 1 (Continued)

Line and Tubulin Fold resistance to Fold cross-
selecting agent mutation selecting agenta resistance

A549.epoB40 βGln292Glu EpoB Taxol™ 22 (59)
(NSCLC) 95 (59) 21 (98)

Taxotere 13 (9)
17 (1)
MAC321 10.7 (1)
EpoA 72
Vinblastine 0.5
Colchicine 0.6

KB-C5/0 βThr274IPro Epo A Epo B 8
(epidermoid 45 (58) Taxol™ 98
carcinoma) Discodermolide 1.3

Vinblastine 0.7
Demecolcine 0.7
Doxorubicine 1.6
5-FU 1.2
Paraplatine 1.2 (58)

KB-D4/40 βThr274IPro Epo A Epo B 9
(epidermoid 71 (58) Taxol™ 200
carcinoma) Discodermolide 0.5

Vinblastine 0.2
Demecolcine 0.5
Doxorubicine 1.2
5-FU 0.9
Paraplatine 3.8 (58)

dEpoB30 βAla231Ala/Thr dEpoB Taxol™ 16
(CCRF-CEM 21 (60) EpoB No Test
leukemia cells) Vinblastine 0.28

Colchicine 0.78
dEpoB60 βAla231Ala/Thr dEpoB Taxol™ 26

(CCRF-CEM 60 (60) EpoB No Test
leukemia cells) Vinblastine 0.58

Colchicine 0.88
dEpoB140 βAla231Ala/Thr dEpoB Taxol™ 7

(CCRF-CEM 173 (60) EpoB 12
leukemia cells) Vinblastine 0.79

Colchicine 0.88
dEpoB300 βAla231Ala/Thr dEpoB Taxol™ 467

(CCRF-CEM βGln292Gln/Glu 307 (60) EpoB 77
leukemia cells) Vinblastine 0.25

Indanocineb Colchicine 0.85
Leukemia βLys350Asn Indanocine Taxol™ 1

CEM-178 115 (69) Vinblastine 40
Colchicine 31
Fludarabine 2.3
Doxorubicin 1.9
Cytochalasin B 0.6 (69)

(Continued)
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would have on Taxol™ resistance. Additional studies probing the exact function of this
mutation are required before conclusions can be made on the exact nature of the
Taxol™-resistant phenotype obtained in these cells.

5. STRUCTURAL ANALYSIS OF MUTATIONS IN RESPONSE 
TO SELECTION WITH TAXOL™

To increase the understanding of the role of the reported tubulin gene mutations in
resistance to Taxol™ and other microtubule-targeting drugs that bind at or near the tax-
ane site, the authors have performed detailed structural analyses using the protein-ligand
complexes of Taxol™ (PTX) (54,55) as well as EpoA (52) from the computationally
refined electron crystallographic structures. In this section, the authors will describe the

Table 1 (Continued)

Line and Tubulin Fold resistance to Fold cross-
selecting agent mutation selecting agenta resistance

Vincristineb

CEM/VCR-R βLeu240Leu/Ile Vincristine
(CCRF-CEM 22,600 (76)
leukemia cells)

Hemiasterlinb

1A9/HTIβS172A βSer172Ser/Ala HTI-286 Hemiasterlin 9
(ovarian 52 (77) Dolastatin-10…10
carcinoma) Cryptophysin 4

Vincristine 20
Vinorelbine 78
Taxol™ 0.12
Epo A 0.13
Doxorubicin 0.6 (77)

1A9/HTIαI384V αIle384Ile/Val HTI-286 Hemiasterlin 7
(ovarian 65 (77) Dolastatin-10…7
carcinoma) Cryptophysin 4

Vincristine 27
Vinorelbine 122
Taxol™ 0.15
Epo A 0.13
Doxorubicin 0.17 (77)

1A9/HTIαS165P; αSer165Pro HTI-286 Hemiasterlin 6
R221H (ovarian αArg221His 89 (77) Dolastatin-10…10

carcinoma) Cryptophysin 7
Vincristine 13
Vinorelbine 186
Taxol™ 0.32
Epo A 0.24
Doxorubicin 0.74 (77)

aFold resistance is calculated as the ration of the drug’s IC50 (IC50 is the drug concentration required
to inhibit the cell growth of 50% of cells) against the resistant cell lines over the drug’s IC50 against the
respective parental cell line.

bSelecting agent.
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results obtained for Taxol™ and the other microtubule-stabilizing drugs that bind to the
taxane site. The structure of each of these drugs is given in Fig. 2.

Four mutations in β-tubulin, exhibiting a range of 18- to 55-fold resistance, arose in
response to selection with Taxol™ (PTX or paclitaxel). Three of these were found to be
clustered in the taxane-binding site, in direct contact with bound drug (Fig. 3). The first
two mutations (βPhe270Val and βAla364Thr) were observed in 1A9 ovarian cancer
cells (38) and are closely associated with Taxol™ in the microtubule protein. Phe270 is
in van der Waals contact with Taxol’s™ C-3′ phenyl group, whereas Ala364 resides in a
five-residue hydrophobic cluster at the bottom of the tubulin-binding pocket housing the
ligand. In Fig. 4, the side-chains immediately associated with Taxol™ (Phe270, Pro272,
Pro358, and Leu 361) are depicted in gold, whereas Ala364 is shown in magenta. The
mutation of β364 from a nonpolar alanine to a polar threonine can be expected to cause
reorganization of this cluster, with consequences for binding affinity with the ligand.

The βAsp26Glu change in KB-3-1 epidermal cells observed in response to Taxol™-
selection (40) is similarly accompanied by direct contact between protein and Taxol™.
In particular the CH2 of the Asp side chain is at the van der Waals boundary with respect
to two CH centers of the phenyl ring of Taxol™’s C-3′ benzamido group. The same
methylene abuts one methyl group of the t-butyl group of taxotere (Fig. 2) docked in the
same site (Fig. 5). The steric resistance between drugs and protein side chain permits a
hydrogen bond between the Asp26 carboxylate and taxotere’s NH, but only a longer
range electrostatic interaction for Taxol™ (40). Replacement of Asp26 with Glu causes
18-fold resistance to Taxol™, but also results in a decrease in microtubule stability,

Fig. 3. The Asp26, Phe270, Ala364 (green), and Glu198 (gold) residues are mutated following drug
selection with Taxol™. The first three surround the ligand Taxol™ at short distances, whereas Glu198
is 17–18 Å distant from the taxane-binding center. Taxol™ is overlayed by a portion of the M-loop 
(yellow), whereas helix H-7 is at the back of the hydrophobic-binding pocket. To view this figure in
color, see the insert and the companion CD-ROM.
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likely responsible for the drug-dependent nature of these cells. Importantly, this 
mutation creates only three- to fivefold resistance to taxotere, as well as to a furan-
containing analog, MAC-321 (Fig. 2). One of the outcomes of extending the Asp chain
by an extra methylene unit (CH2) in Glu is to bring the negatively charged carboxylate
functionality (i.e., CO2

–) in closer contact with the NHCO centers of the ligands. Taxotere
and MAC-321 persist in a productive hydrogen bond with the lengthened Glu side-
chain, but severe steric interactions of the same Glu conformation with Taxol™ appear
to force this drug up and out of the binding pocket (yellow, Fig. 5). As a result, it has
been proposed that in the case of Taxol™ an alternative Glu side-chain conformation is
adopted; one that does not contribute to ligand binding. The relative resistance to the
drug is thereby rationalized (40).

Although the βGlu198Gly mutation observed by Wiesen and colleagues (41) in
MDA-MB 231/K20T cells is 17–18 Å distant from the bound ligand, it causes 19-fold
resistance to Taxol™. In this case, interactions within the protein-binding site are com-
plex. Glu198 resides on the β-sheet strand B4, making hydrogen bonds with residues
on B5 and the short helix H8. The cluster of nonbonded contacts resides on one side
of the longer helix H7, whereas Taxol™ is found on the opposite side (Glu198 green; 
Fig. 6). Examination of contact residues between the β-strands and helix H7 reveals no
obvious electrostatic or hydrogen bonding network between them. Thus, although
mutation of Glu198 to Gly can be expected to destabilize the structure around this
center, the mode of transmission of this effect across H7 to influence Taxol™ binding
is not obvious. A more detailed examination of the dynamics of secondary structure in

Fig. 4. The Ala364 cluster representing the βAla364Thr mutation seen in the ovarian carcinoma 1A9
cells. Although Ala364 (magenta) is 6–7 Å distant from the bound Taxol™ ligand (at left, CPK col-
ors), it resides in the bottom of a local pocket consisting of four hydrophobic residues (gold) that form
part of the hydrophobic basin in which the entire Taxol™ molecule resides. To view this figure in
color, see the insert and the companion CD-ROM.
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Fig. 6. Representation of the locus of the βGlu198Gly mutation induced by Taxol™-selection in the
MDA-MB-231 breast cancer cells. Glul98 (green) on strand B4 makes hydrogen bonds (dashed yellow)
with residues on helix H8 and strand B5. However, the glutamate residue is separated from PTX 
(at top) by helix H7. To view this figure in color, see the insert and the companion CD-ROM.

Fig. 5. Binding models of Taxol™ and taxotere in the taxane-binding pocket of the βAsp26Glu
mutant seen in the epidermoid carcinoma KB-31 cells. (A) The partial view illustrates the CH2 of Asp
in van der Waals contact with the phenyl ring of Taxol™ (magenta) and the t-Bu group of taxotere
(teal). The CO2 of Asp makes a hydrogen bond to the NH of taxotere (and MAC-321; not shown)
but only electrostatic interaction with Taxol™; (B) Mutation to Glu results in the persistence of the
H-bond to taxotere (not shown), but severe steric contact with Taxol™ (original placement, magenta)
causing the drug to be pushed back and out of the binding site (yellow). To view this figure in color,
see the insert and the companion CD-ROM.
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Fig. 7. The αβ-tubulin dimer illustrating the spatial relationships of GDP, GTP, Taxol™ (dotted 
circles), and αSer379 (magenta solid circle) in the context of the Taxol™-induced αSer379Arg 
mutation in the A549 lung cancer cells. αSer379 and Taxol™ reside approx 50 Å apart. To view this
figure in color, see the insert and the companion CD-ROM.

this region of the protein would be required to pinpoint the exact cause of the resistance
produced by this mutation.

An interesting αSer379Arg mutation was reported to appear in the α-tubulin of
A549-T12 lung cells on exposure to Taxol™, yet no mutation was found in β-tubulin
(53). These mutant cells are dependent on Taxol™ for growth and the corresponding
MTs display increased dynamicity when compared with the parental cells. Figure 7
illustrates that this substitution appears in strand B10, far from either the intra- or
interdimer interface of the tubulin subunits, as well as from the GDP and GTP centers.
However, the altered amino acid is near a site of interaction with both a MAP4 and
stathmin. Martello and coworkers (53) proposed that the increased microtubule
instability is related to the αSer379 mutation, and that the cell dependence on
Taxol™ could be the result of compensatory stability provided by the drug. An alter-
native explanation is that Taxol™ engages in low affinity binding in α-tubulin near
Ser379. This possibility is suggested by a labeling study using the ureido taxane
derivative [3H]-TaxAPU that photolabels residues 281–304 on helix H7 and the loop
between B7 and H7 in the α-subunit of the dimer. As shown by the spatial represen-
tation in Fig. 8, the αSer379 residue (in orange) resides on strand B10, separated
from the labeled peptide by strand B7. The shortest separations between α379 and
the residues forming the loop are 6.5–8 Å. However, were Taxol™ to bind in this
region, it could readily bridge the labeled and mutated centers. Future studies are
warranted to resolve this question.

5.1. Mutations in Response to Selection With Epothilones
Epothilones A and B are soil bacteria-derived microtubule-targeting drugs that were first

identified in 1995 as part of a screening program for compounds with microtubule stabiliz-
ing activity (8). Although epothilones are structurally distinct from Taxol™, they compete
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for the same binding site and exert similar microtubule-stabilizing activity. However, the
epothilones maintain activity against Pgp-expressing multidrug-resistant cells as well as
Taxol™-resistant β-tubulin mutant cells (56). These characteristics, along with the
epothilones’ increased water solubility and ease of production in large quantities through
bacterial fermentation, led to epothilones being moved quickly into the clinic. Currently, sev-
eral independent clinical trials are being carried out with EpoB and its analogs in parallel.

Investigations on potential mechanisms of epothilone resistance began soon after the
discovery of epothilones. To date, the only solid mechanism of epothilone resistance
that has been described occurs through acquisition of β-tubulin mutations. The authors
have isolated two epothilone-resistant human ovarian cancer cell lines, namely 1A9/A8
and 1A9/B10, selected with EpoA and B, respectively (57). These epothilone-resistant
sublines exhibit impaired epothilone-and Taxol™-driven tubulin polymerization,
caused by individual acquired β-tubulin mutations in each clone: βThr274Ile in
1A9/A8 cells and βArg282Gln in 1A9/B10 cells (57). Interestingly, both these muta-
tions are located near the Taxol™-binding site in the atomic model of αβ-tubulin,
explaining why these cells are also cross-resistant to Taxol™ (7- to 10-fold) (Table 1).
By using molecular modeling guided by the mutation data and the activity-profile of
several MT-stabilizing drugs against these cell lines with mutant tubulins, the authors
were able to propose a common pharmacophore that is shared by both the epothilones
and the taxanes; and in turn model epothilone binding onto the atomic model of tubulin
(57). However, recent electron crystallographic studies of EpoA complexed with tubu-
lin (52) suggest that although the two compounds occupy common space, they do not

Fig. 8. The αSer379Arg mutation is located on strand B10 in α-tubulin. The Ser379 residue (orange)
is located near the loop (yellow) linking B7 and H7. A peptide spanning the loop and H7 (α-281–304)
is labeled by a radioactive ureido taxane derivative ([3H]-TaxAPU) that also labels partial peptide
sequences in β-tubulin (β-217–229). To view this figure in color, see the insert and the companion
CD-ROM.
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present a common tubulin pharmacophore (Fig. 9). The following section discusses this
point in more detail in the context of cross-resistance.

Interestingly, an alteration in the same residue, βThr274Pro, has been identified in
another cell line, the EpoA-selected human epidermoid carcinoma KB-31 cells (58). In
this case, the amino acid substitution was from Thr to Pro, instead of Thr to Ile as in 1A9
cells. The βThr274Pro mutation conferred 45-fold resistance to EpoA, eightfold resist-
ance to EpoB and significant cross-resistance to Taxol™ (96-fold) (Table 1). In addition,
this mutation was associated with drug dependence for optimal growth. The fact that two
different human cancer cell lines, selected by two different research groups, acquire
mutations at the same residue in response to epothilone selection suggests that this 
specific residue is very important for epothilone binding to tubulin and that it may prove
to be a “hot spot” for acquired tubulin mutations following epothilone treatment.

Shortly after, two additional studies reported the presence of acquired β-tubulin
mutations in the NSCLC A549 and HeLa cells (59), as well as in the human leukemia
CCRF-CEM cells (60) (Table 1). In the first study, a βGln292Glu mutation has been
identified in the A549 cells conferring 70- to 95-fold resistance to the epothilones and
significant cross-resistance to Taxol™ (22-fold) and Taxotere (13-fold). Although two
mutations have been identified in epothilone-selected HeLa cells, at βPro173Ala and
βTyr422Tyr/Cys, they did not seem to confer significant resistance to the epothilones
(1.5- to 2.5-fold) or the taxanes (three- to sixfold), suggesting that these particular
residues are not critical for drug binding (59). In the second study, the CCRF-CEM
human leukemia cells were selected with the potent EpoB analog, desoxyepothilone B
(dEpoB) (60). After selecting with increasing concentrations of dEpoB at 30, 60, 140,
and 300 nM, four distinct clones were isolated: dEpoB30, dEpoB60, dEpoB140, and
dEpoB300, respectively. The four clones had acquired the same β-tubulin mutation 
at βAla231Ala/Thr, whereas the dEpoB140 and dEpoB300 clones had acquired an 

Fig. 9. Environment around the C-3 to C-7 oxygen substituents of EpoA bound to β-tubulin. (A)
Residues βThr274 and βArg282 provide a hydrogen bond network (dashed yellow) that anchors this
sector of the ligand to the protein. Thr274Ile and Arg282Gln tubulin mutations found in the 1A9
human ovarian cancer cells selected with EpoA and EpoB, respectively, disrupt the network. (B) The
amide terminus of βGln292 (magenta) resides in a polar pocket and H-bonds to the backbone NH of
Leu273 that is linked to the crucial Thr274 anchor. The βGln292Glu mutation found in the A549 lung
cancer cells, is thought to perturb this anchoring. To view this figure in color, see the insert and the
companion CD-ROM.
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additional mutation at βGln292Gln/Glu (60). The presence of the βAla231Ala/Thr
mutation was associated with 21- and 60-fold resistance to dEpoB for clones dEpoB30
and dEpoB60 respectively, and cross-resistance to Taxol™ (16- and 26-fold, respec-
tively). The presence of the additional mutation at βGln292Gln/Glu in clones
dEpoB140 and 300, was associated with higher degrees of resistance to the selecting
agent dEpoB. All clones exhibited impaired drug-induced tubulin polymerization,
suggesting that these mutations do play a role in drug binding to tubulin.

6. STRUCTURAL ANALYSIS OF MUTATIONS IN RESPONSE 
TO SELECTION WITH EPOTHILONES

In 1A9/A8 ovarian cancer cells selected with EpoA, a βThr274Ile mutation
occurred, thereby conferring 40- to 55-fold resistance to this antimitotic agent. EpoB
exhibited corresponding cross-resistance of 25- to 38-fold. In a previous analysis of the
basis for cross-reactivity and resistance to microtubule-stabilizing drugs, a β-tubulin-
binding model was created based on a single Taxol™-Epo pharmacophore. In this
model, it was postulated that the C-7 OH of the epothilones forms a hydrogen bond in
the vicinity of Thr274 (57). The conversion of this threonine to isoleucine was pro-
posed to disrupt the H-bond, thus causing drug resistance through decreased binding
affinity. A recent electron crystallography model of the binding of EpoA to β-tubulin
confirms the premise in this initial model, but indicates that the situation is somewhat
more complex (52). Figure 9 illustrates that Thr274 and Arg282 of tubulin are jointly
engaged in a network of hydrogen bonds with the oxygens at C-3, C-5, and C-7 on the
EpoA ligand. The mutation replacing Thr with Ile on residue β274 not only eliminates
the βThr274-mediated tubulin–Epo interaction, but obviates the β274Thr–β282Arg
interaction, whereas impacting on the β282Arg-mediated tubulin–Epo contacts as
well. The close association of Thr274 and Arg282 implies mutuality. That is, mutation
of Arg282 would be predicted to disengage Thr274 in a reciprocal manner. This view-
point is fully realized in the observation that in EpoB-selected 1A9/B10 ovarian can-
cer cells, a mutation of βArg282Gln confers 24- to 53-fold resistance to that ligand,
and 57- to 74-fold cross-resistance to EpoA. This amino acid change not only shrinks
the side chain by two heavy atoms (i.e., by –CH2–CH2–), eliminating a direct hydro-
gen bond, but also removes the positive charge, and damps any longer-range electro-
static stabilization as well.

Apart from the Arg282Gln mutation mentioned earlier, the one other significant
acquired EpoB alteration was observed in A549 lung cell tubulin at βGln292Glu. As
illustrated by Fig. 9, Gln292 (magenta) resides on helix H9 at a distance of 7–9 Å from
the nearest bound epothilone atom. However, the terminal amide of this Gln residue
hydrogen bonds to the Leu273, which is adjacent to Thr274, the amino acid residue in
direct contact with the ligand. Substitution of a negatively charged Glu for the Gln can
be expected to strengthen the first H-bond to Leu273; however, there are most likely
other consequences as well. The terminus of side chain 292 resides in a highly polar
pocket, which includes carbonyl groups from Phe270, Ala271, and Asn298. The elec-
trostatic repulsion occasioned by the negative carboxylate can be expected to reorgan-
ize this pocket and translate its effects outward to Thr274. A reasonable interpretation
of the observed 95-fold EpoB resistance is that the network of hydrogen bonds associ-
ating with C-3 to C-7 of the epothilone (Fig. 10) is perturbed sufficiently, so that ligand
binding is considerably weakened. Theoretically, this mutation should also influence
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Taxol™ binding, as this ligand similarly interacts with Thr274. Indeed, it was found that
the EpoB mutant’s Taxol™ cross-resistance is measured at 20- to 22-fold (Table 1).

An important dEpoB-induced mutation that is cross-resistant to EpoB has been
reported in B140 leukemia cells when exposed to 30–140 nM concentrations of the
drug: βAla231Thr (60). This alanine is not in direct contact with the ligand, but lies on
helix H7, deep in the β-tubulin binding pocket at a distance of 7–8 Å from the ligand
and surrounded largely by hydrophobic residues (i.e., Val23, Leu228, Gly235, Phe270,
and Leu273). Given that helix H7 is regarded as being central to the conformation of
tubulin (61), and that the Ala231Thr mutant retains the ability to bind Taxol™, Verrills
and coworkers strongly favored decreased microtubule stability over reduced drug bind-
ing as the cause of this selective resistance. However, H7 is similarly one of the struc-
tural elements that forms one wall of the hydrophobic taxane pocket, as illustrated by
the subset of residues from His227 to Gly235 that bracket Ala231 (magenta), as shown
in Fig. 10. A change in this residue may perturb the normal interaction of His227 with
dEpoB, as seen in this spatial model of drug-pocket interactions and the mutated
residue. Not displayed are a number of water molecules that most certainly reside in the
space between the bottom of the ligand and the basin of the binding site. 

As can be seen in the model, one edge of the Ala231 cluster is populated by His227,
which provides an anchor to the epothilone thiazole side chain (52). The replacement of
alanine with threonine is envisioned to result in two alterations of the environment
around the ligand. First, addition of a polar OH group to the CH3 of Ala to give the
CH2OH in Ser can be expected to perturb both the small pool of water between the 

Fig. 10. At lower left, Ala231 (magenta) surrounded by a hydrophobic pocket (green) is subjected to
the Ala231Thr mutation, which presumably perturbs the His227 interaction with dEpoB (represented
by EpoA at their binding pocket). Above, the second dEpoB-induced mutations in βGln292 (yellow)
that it is H-bonded to Leu273 (green) (see Fig. 9). This βGln292Glu mutation may potentially influ-
ence the binding of the drug to Thr274 in the binding pocket. To view this figure in color, see the
insert and the companion CD-ROM.
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ligand and the tubulin protein, thus influencing the shape of the hydrophobic cluster.
Second, the somewhat extended serine side chain is in a position to compete with the
epothilone thiazole moiety for hydrogen bonding to His227. Both these actions can 
be seen as deleterious for dEpoB binding and therefore responsible for the considerable
degree of the resistance observed.

Higher concentrations of dEpoB (300 nM) cause the appearance of yet another, second
βGln292Glu mutation, which is identical to that observed in A549 lung cells. Highlighted
in yellow in Fig. 10, the Gln292 location, hydrogen bonded to Leu273, is readily per-
ceived as a partner of the Ala231 to Ser change in its ability to further disrupt EpoD bind-
ing. Complementing this Epo resistance (EpoB 77-fold; dEpoB 307-fold) is an even
greater impact on Taxol™ (467-fold) of these combined mutations. This result was inter-
preted by Verrills to be a mutational effect on drug binding, rather than on microtubule 
stability, and also appeared to imply that the two drugs do not bind in an identical manner
(60). The recently disclosed EpoA-tubulin structure confirms the latter insight (52), but
dispels the notion of a common PTX-Epo pharmacophore (see Subheading 6.1).
Qualitatively, the potent double mutant combination is precisely the type of structural
response one might imagine a cell would marshal against high doses of drug.

6.1. Structural Analysis of Cross-Resistance Between Taxanes 
and Epothilones

The separate evaluations of taxanes and epothilones, sets the stage for examining cross-
resistance between the two drug classes. A key biostructural concept is that although the
two drugs occupy common receptor volume, they do not engage in a common β-tubulin
pharmacophore. Figure 11 illustrates the point by simultaneously displaying aspects of the
overlapped binding sites for the Taxol™–tubulin (54,55) and EpoA–tubulin (52) models. A
preliminary examination of the topologies of the ligand structures 1 and 4 (Fig. 2) puts this
in perspective. Taxol™ (1) is made up of a rigid four-ring baccatin core supporting three
critical flexible side chains at C-2, C-4, and C-13. Two of these chains terminate in phenyl
rings. EpoA (4a), on the other hand is a structural composite of a flexible 16-membered 
lactone ring and a single side chain terminating in a methylated thiazole ring.

A number of attempts have been made to understand how structures of such diversity
might occupy the taxane-binding site to produce a common biological response; namely
efficient stabilization of MTs. All of these efforts have adopted the essence of the defi-
nition of a pharmacophore proposed by Marshall: the “3D arrangement of functional
groups essential for recognition and activation (of a receptor)” (62). Thus, four separate
“common pharmacophore” models separately superimposed the Epo thiazole ring on
the C-3′, (57,63), C-3′ benzamido (64), and C-2 benzoyl (57,65) phenyl rings of
Taxol™. However, the same studies differed completely on the relative positioning of
other functional groups. They either simply overlapped the entire taxane baccatin core
and the Epo macrocycle (65) or sought specific functional group superpositions. For
example, Giannakakou, Gussio, and colleagues (57) proposed two distinct models, each
of which brought a minimum of five different functionalities into spatial match.

In spite of these efforts to explain drug potency and mutation-related resistance 
profiles, the electron crystallographic structures of Taxol™ and EpoA strongly suggest
that a common pharmacophore is behind neither the similar activities of the drugs nor
the mutation-based resistance. Cross-resistance is best understood in this context.
Figure 3, for example, shows that the thiazole ring of EpoA is not coincident with any
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of the rings in Taxol™. Furthermore, a careful examination of common structural features
that promote the binding of the ligands to β-tublin makes it clear that the single 
substituent moiety common to 1 and 4 is the C-7 OH group (52). This same functional
group in both ligands interacts with Thr274 and is the basis for the characterization of
the residue as a “hot spot.” Figures 9 and 11 also provide an explanation for the signif-
icant cross-resistance between Taxol™ and the epothilones against the Arg282Gln and
Gln292Glu mutations, given that these share a network of noncovalent interactions
with Thr274. The same picture similarly rationalizes the lack of cross-resistance for the
epothilones with respect to the Asp26Glu mutation. Whereas the C-3′ benzamido ring
of Taxol™ is in direct contact with the Asp26, the closest atoms of the thiazole ring and
the epoxide center of EpoA are 5–8 Å away from the side chain and, most likely, are
shielded from it by water molecules.

Fig. 11. Taxol™ and EpoA tubulin-bound structures overlap as determined by the corresponding
electron crystallographic structures. Only their respective C-7 OH groups occupy a common loca-
tion. (A) Residues Thr274, Arg282, and Gln292 mutate in response to epothilones and are cross
resistant to Taxol™. Mutation of Glu26 against Taxol™ shows minimal cross-resistance to EpoB;
(B) Taxol™ induced mutations at Phe270 and Ala364 experience marginal cross-resistance against
epothilones, whereas the Ala231 mutation against dEpoB shows cross-resistance to Taxol™. To view
this figure in color, see the insert and the companion CD-ROM.
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Three mutations are found in the hydrophobic basin that makes up the taxane-binding
pocket. They are in intimate contact with Taxol™, and all confer 15- to 50-fold resist-
ance to the drug. Two of them, Phe270Val and Ala364Thr (Fig. 4) show very little
cross-resistance to EpoB (two- to threefold). Figure 11B illustrates that these residues
reside on B-7 and B-9, respectively, well away from the epothilone ligand (5–8 Å)
shown shifted to the left in the diagram. The Ala231Thr exchange, causing a 16-fold
response against Taxol™, is similarly well separated from EpoA (7–9 Å) (Fig. 11), but
it nonetheless elicits a 21-fold resistance against dEpoB. The latter can be understood
from the discussion previously, which proposes that mutant Thr231’s residence on H-7
(Fig. 10) can influence the orientation of His227 on the same helix and, thereby, the
His227-thiazole interaction. Finally, it was speculated earlier that mutations at Pro173
and Thr422 are unlikely to be involved in ligand binding, as they result in marginal
resistance of 1.5- to 6-fold. In fact, both residues are found between 18–30 Å distant
from the closest atoms of both 1 and 4 in the electron crystallographic models.

6.2. The Role of Tubulin Isotypes and Loss of Tubulin Heterozygosity 
in the Development of Microtubule-Targeting Drug-Induced Resistance
To date, there are seven β-tubulin isotypes described in mammalian cells (66).

Although the exact role of each of these isotypes has yet to be defined, it seems that all
of them are incorporated into the microtubule polymer and contribute to the overall cellular
microtubule function. Interestingly, however, all tubulin mutations identified so far occur
at the major β-tubulin isotype (class βI/gene HM40) (38), the expression of which
accounts for 80–95% of total tubulin mRNA in a subset of cancer cell lines from the
NCI60 human cancer cell collection (67). From a mechanistic standpoint, one wonders
why the other β-tubulin isotypes in their wt sequence do not “take over” expression-wise,
in order for the cell to escape the toxic effects of microtubule-targeting drugs that use
class I β-tubulin as a target isotype. The authors’ experiences, together with recurring data
in the literature, suggest authors that the cell’s first response is to adapt to the otherwise
lethal effects of the drug by acquiring tubulin mutations in sites that are important for
drug–tubulin interactions. To the best of the authors’ knowledge, these mutations do not
impair any other major function of cellular tubulin besides its drug response, and exert
only a subtle effect on microtubule stability.

This cellular behavior of acquiring mutations vs substituting isotypes suggests that
the class I β-tubulin isotype is not functionally redundant and its role in the cell simply
cannot be replaced by the other isotypes. The latter constitutes a compelling hypothesis
for why this is the single isotype identified in which sequence alterations occur to block
the action microtubule-targeting drugs.

For the most part, the tubulin mutations described in this chapter appear to be
homozygous (i.e., only mutant tubulin residues expressed). However, even in the case
of heterozygous mutations (i.e., both wt and mutant tubulin residues expressed), when
only one allele is mutated and the other remains wt, significant levels of drug resistance
(10-fold or higher) are still obtained, and impaired drug-induced tubulin polymerization
is observed consistent with compromised drug binding. This result is understandable if
one realizes that in cells one molecule of drug bound to every few hundred tubulin
dimers in the microtubule is sufficient to affect tubulin function (51). Consequently,
even if only every other tubulin molecule to which the drug binds is mutated, this is
apparently sufficient to confer significant levels of resistance to those drugs.
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Although the selection process instigates mutations that confer resistance, continued
selection of these clones in the presence of higher drug concentrations causes the level of
resistance to increase, as has been reported in several cases. To investigate the mechanism
by which this increased resistance occurs, the authors studied the temporal variations of
wt- and mutant tubulin genes in the Taxol™- and epothilone-resistant 1A9 clones (38,58).
The authors observed that the early-step isolates, which were 10- to 15-fold drug resistant
were heterozygous for the main tubulin isotype (HM40), whereas the late-step isolates,
which were 30- to 50-fold resistant did not express the wt tubulin nor retain the wt
sequence at the genomic level (68). This result suggested that either a second identical
mutation in the wt β-tubulin gene had occurred in the late-step isolates or that this wt was
altogether lost. Detailed investigation of the resistance mechanism using single nucleotide
polymorphism and fluorescence in situ hybridization analyses, revealed that loss of 
heterozygosity (LOH) for the wt β-tubulin allele had occurred in the late-step isolates so
that only the remaining mutant allele is present at the genomic level leading to expression
of the mutant β-tubulin only (Fig. 12) (68). This result confirms that although acquisition
of a tubulin mutation may be the first response of a cell to drug selection, increased
selection pressure makes the cell further adapt by loss of the remaining wt allele, which
leads to increased levels of drug resistance (Fig. 13). This is the first report of tubulin LOH
conferring drug-resistance and such a mechanism is consistent with the genomic instability
of cancer cells together with the cell’s ability to adapt to external stress factors, such as
prolonged exposure to toxic chemotherapeutic drugs. Despite the fact that there are other
tubulin isotypes present in cells, the main isotype HM40 is the focus of cellular remodeling
through mutation. Future studies are warranted to determine whether tubulin LOH in 
conjunction with tubulin mutations is a more universal mechanism of resistance to 
microtubule-targeting drugs.

6.3. Colchicine-Binding Site Tubulin Mutations and Structural Analysis
Antimitotic drugs that inhibit the binding of colchicine to tubulin appear to bind at a

common site called the colchicine site. These agents are for the most part relatively
simple structurally (Fig. 14), especially when they are compared with those binding at
the taxane (Fig. 2) or the vinca-binding sites (Fig. 15). However, they are still struc-
turally diverse. Although the prototype of this class is colchicine, it includes podophy-
lotoxin, 2ME2, and indanocine, among others. Colchicine-binding site antitubulin drugs
inhibit microtubule function by causing microtubule depolymerization. Although
colchicine is used for the treatment of gout disease and Mediterranean fever (25,26),
neither colchicine nor colchicine-binding site drugs are currently FDA approved for
the treatment of cancer. Interestingly, however, a few colchicine-site drugs like the
combretastatins and 2ME2 are currently undergoing clinical trials as inhibitors of
tumor angiogenesis.

The first report of acquired tubulin mutations in human cancer cells, in response to
selection with colchicine-binding site drugs, was demonstrated with indanocine as the
selecting agent (69). Indanocine is a colchicine-site binding agent, as it is known to be
competitive with colchicine when bound to β-tubulin (70). In this study, human 
T-lymphoblatoid CEM cells selected with indanocine exhibited a drug-resistant phenotype
owing to an acquired β-tubulin mutation (HM40 gene) in residue 350 leading to a Lys
to Asn amino acid substitution. The homozygous βLys350Asn mutation conferred 
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Fig. 12. Fluorescence in situ hybridization analysis of 1A9 cells Depicts tubulin LOH in the
drug-resistant 1A9-A8 cells. Metaphase spreads from both cell lines were hybridized with the bacter-
ial artificial chromosome (BAC) clone RP11-506k6 (orange) containing the β-tubulin gene HM40, and
a centromeric probe for chromosome 6 (green), followed by counterstaining with nucleic acid stain
Sytox Blue (blue). The parental 1A9 cells display two copies of chromosome 6 (white arrows) as evi-
denced by the chromosome 6 centromeric probe staining. Both 6 chromosomes displayed staining for
the BAC clone indicating two copies of the β-tubulin gene HM40. In the late-step 1A9-A8 cells how-
ever, only one chromosome 6 stained for the BAC clone, although both copies of the chromosome 6
were present (green staining). The white arrows indicate chromosome 6, as evidenced by the green cen-
tromeric staining, and the BAC hybridization at the tips of the chromosome. In 1A9-A8 the yellow
dashed arrow depicts the chromosome 6 that has lost the chromosomal region of 6p25. Insets display
either a magnification of chromosome 6 in metaphase, or interphase. Scale bar = 5 μm. (Figure dis-
played with permission from ref. 68.) To view this figure in color, see the insert and the companion
CD-ROM.

Fig. 13. Schematic representation of Evolution of Microtubule-Targeting Drug-Induced Resistance.
(Figure displayed with permission from ref. 68.) To view this figure in color, see the insert and the
companion CD-ROM.
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115-fold resistance to indanocine and 30- to 40-fold cross-resistance to colchicine and
vinblastine, respectively, whereas no cross-resistance was obtained with Taxol™ (69).
In addition comparison of the parental wt with the β-tubulin mutant resistant clone
revealed impaired indanocine-induced tubulin depolymerization in the latter, although
there were no differences in the cold-induced tubulin depolymerization between the two

Fig. 14. Structures of colchicine-binding site microtubule destabilizing drugs.

Fig. 15. Structures of Vinca-binding site microtubule-destabilizing drugs. To view this figure in color,
see the insert and the companion CD-ROM.
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cell lines. These results strongly suggest compromised drug binding to tubulin. A qual-
itative understanding of the effect of this amino acid substitution is obtained by exami-
nation of the recently divulged tubulin–stathmin complexes separately incorporating
colchicine and another colchicine-site drug, podophyllotoxin, near the α.β-tubulin dimer
interface (71). The colchicine-binding site is depicted in Fig. 16A, showing that Lys350
(magenta) is in van der Waals contact with colchicine. Surprisingly, the cationic NH3

+

terminus of this amino acid is not directed at the C=O center of the tropolone ring of the
colchicine ligand (Ring C), though it is within range and could make a productive
hydrogen bond. The model of the protein complex shows this cationic head to be sur-
rounded by a cluster of carbonyl groups from the protein instead (Fig. 16A). Thus,
Lys350 interacts with colchicine (7) hydrophobically by means of the CH2CH2CH2CH2
component of its side chain. The corresponding podophyllotoxin (8)-lysine interaction in
the corresponding complex (Fig. 16B) shows identical behavior. Given the structural
similarity of 6, 7, and 8, it would seem safe to project that indanocine (6) will most
likely interact with Lys350 in a similar fashion. If so, mutation to the shorter Asp
residue will eliminate the charge-dipole interactions in the polar clusters shown at the
top of Fig. 16A,B, whereas presenting a polar rather than nonpolar chain of atoms to the
bound ligands. The combination of events would seem sufficient to rationalize resist-
ance to both indanocine and colchicine as well as vinblastine (see Section 7). It should
be noted that based on the unrefined electron crystallographic structure of the tubulin
dimer (6), Hua and colleagues (69) have suggested that Lys350 and Lys352 may
sequester a Mg2+ cation and assist the neutralization of nonexhangeable GTP.

6.4. Vinca-Binding Site Tubulin Mutations
Antitubulin compounds that inhibit the binding of radiolabeled vinblastine and vin-

cristine (Fig. 15) to tubulin share a common binding site described as the “Vinca
domain.” The prototypes of this class are the Vinca alkaloids, vinblastine, and vincristine,
which were isolated more than 40 yr ago from the leaves of the periwinkle Catharanthus
roseus. These compounds were initially studied because of their hypoglycemic activities,

Fig. 16. The colchicine and podophyllotoxin binding sites as determined by X-ray crystallography.
The βLys350Asn mutation is depicted by Lys350 (purple) in direct contact with the ligands. (A) The
hydrophobic –(CH2)4– moiety of Lys350 is presented to the colchicine (a) and podophyllotoxin (b)
ligands, whereas the terminal –NH3

+ cation resides in a polar pocket. To view this figure in color, see
the insert and the companion CD-ROM.
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but were discovered to have antileukemic effects and cause bone marrow suppression
(72,73). Since then they have been widely used clinically for the treatment of leukemias,
lymphomas, and some solid malignancies. The clinical success of these two natural prod-
ucts (vinblastine and vincristine) together with the elucidation of their mechanism of
action on cellular MTs, have facilitated the development of several semisynthetic deriv-
atives notably vindesine, vinorelbine, and vinflunine, which are now used in the clinic
for the treatment of cancer (74). Several other naturally occurring microtubule-interfering
compounds have been identified that bind β-tubulin at the Vinca-domain including the
marine-sponge derived halichondrins, spongistatin, dolastatins (isolated from the sea
hare Dolabella auricularia), and cryptophycins (isolated from the blue-green algae
Nostoc sp.) (for review, see ref. 75). These agents depolymerize MTs and are currently
at various stages of clinical development for the treatment of cancer.

Acquired tubulin mutations in human cancer cells for the “Vinca-domain” have been
reported in response to selections with vincristine (76) and the hemiasterlin (HTI) analog
HTI-286 (77,78). In the first study, the human leukemia cell lines CCRF-CEM has been
selected with vincristine and exhibited very high levels (22,600-fold) of drug-resistance
to the selecting agent. This cell line overexpressed Pgp, which accounted for a major
part of the resistant phenotype; however, the Pgp modulator verapamil was able to
restore only partial sensitivity to vincristine. These data led to the hypothesis that other
cellular alterations might be present contributing to the overall resistant phenotype.
Sequencing of β-tubulin (HM40) revealed the presence of a heterozygous β-tubulin
(HM40) mutation at residue βLeu240Ile (76). In addition, multiple other microtubule-
related and other cytoskeletal alterations have been identified in this cell line (76,79).
These observations preclude the ability to draw a firm conclusion on the importance of
this mutation, especially as no direct studies assessing the role of this point mutation in
resistance to Vinca alkaloids have been performed.

In the second study, 1A9 human ovarian carcinoma cells were selected with a synthetic
analog of hemiasterlin, HTI-286. Several HTI-resistant 1A9 clones were isolated exhibit-
ing a 57- to 89-fold resistance to HTI, significant cross-resistance (3- to 186-fold) to
“Vinca-domain” binding drugs, minimal two- to fourfold cross-resistance to colchicine-
site drugs and collateral sensitivity to taxane-site microtubule stabilizing drugs (77).
Sequencing of both α- (Kα1 isotype) and β-tubulin (HM40 isotype) in these clones
revealed distinct acquired tubulin mutations in both subunits as follows: several HTI-
resistant cell clones harbored only one heterozygous mutation at βSer172Ala, whereas
others harbored either one heterozygous α-tubulin mutation at residue αIle384Val or two
homozygous tubulin mutations at residues αSer165Pro and αArg221His. In all cases the
presence of these mutations has been associated with increased microtubule stability. This
finding together with the location of these mutations and the cross-resistance profile of the
HTI-resistant cells led to the formation of a model whereby the drug resistance phenotype
is attributed to the increased microtubule stability rather than to the reduced binding affin-
ity of HTI to tubulin, although the latter has not been tested.

7. STRUCTURAL ANALYSIS OF MUTATIONS IN RESPONSE 
TO SELECTION WITH VINCA-BINDING SITE DRUGS

Many studies have attempted to identify the tubulin-binding site of the Vinca alka-
loids vinblastine and vincristine. Figure 1 is very conservative in depicting it in a small
region of β-tubulin near the interface between αβ-tubulin dimers. Current evidence
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Fig. 17. Photoaffinity labeled peptides and mutations around the Vinca site. β-Tubulin (lower half of
protein) displaying peptides labeled by rhizoxin (magenta) and vinblastine (cyan). Taxol™ (PTX-left),
GTP (in α-tubulin), and GDP (in β-tubulin) are displayed in CPK colors. To view this figure in color,
see the insert and the companion CD-ROM.

suggests the binding locus for these compounds is either much more expansive or not
well defined. In 1993, an attempt to locate the binding region took advantage of the
observation that rhizoxin is a potent inhibitor of binding of vinblastine to tubulin. An
azidodansyl derivative of the rhizoxin was used as a photoaffinity label, in order to
identify interaction with residues β363–379 (80). In Figs. 17 and 18 these residues are
magenta colored, and the peptide defines a belt across the upper part of the β-tubulin
subunit. Shortly thereafter, a photoactive and fluorescently labeled analog of vinblas-
tine was used to identify a second peptide sequence from β175–213 (81). Shown in
Figs. 17 and 18 in cyan, the depiction gives the misleading impression that there is
overlap between the two peptides identified by the photoaffinity probes. However, the
rhizoxin-determined magenta peptide sequence is confined largely to B10 and H11,
whereas the vinblastine-determined cyan peptide sequence runs from the loop leading
to H5 through B6 and H6. The expanse covered by these peptides is so broad that it is
not possible to define a local site that might span some of the secondary structure
between them. However, by combining photoaffinity and mutation data, a more 
specific binding locus can be conceived (see below).

In addition to the binding site information obtained through photolabeling, two
acquired mutations have been reported. One study of rhizoxin resistance discovered a
mutant gene corresponding to βAsn100Ile in Aspergillus nidulans (82,83). The
asparagine is not a part of the vincristine-related cyan peptide, but falls 4–6 Å behind it in
the view displayed. The most prominent feature in the vicinity of Asn100 is Tyr406, the
aromatic ring, which is directly over the side chain’s amide group, as shown in Fig. 19A.
Exchange of Asn for the similarly sized Ile should cause no steric conflict in the pocket,
but the change of polarity can be expected to have an influence, if rhizoxin is nearby.
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More recently, CEM VCR-R human leukemia cells were cultured in the presence
of vincristine, after which extraordinary resistance (22,600-fold) developed (84).
Subsequently, a βLeu240Ile mutation has been associated with the latter (Leu green,
Fig. 19B) (76). Like the Asn100 mutant, this residue is not included in either peptide
derived by photolabeling. Not surprisingly, Leu240 is centered in a hydrophobic

Fig. 19. The local environments of the βAsn100Ile and βLeu240Ile mutations. (A) The Asn100 amide
group lies directly over the face of Tyr406’s aromatic ring. (B) The terminal methyl groups of Leu240
(green) are located in a hydrophobic pocket. Mutation to Ile (magenta) appears to pull the residue
somewhat out of the pocket. To view this figure in color, see the insert and the companion CD-ROM.

Fig. 18. Closeup of the photoaffinity labeled peptides and mutations around the Vinca site. The
labeled peptides in β-tubulin colored as in Fig. 17 are complemented with mutations Asn100Ile
(orange), Ile240 (green), residues Cys239 and Cys354 (yellow), and labeled peptide residues Glu198
and Ile376 (red). The circled V represents a possible Vinca-binding site. To view this figure in color,
see the insert and the companion CD-ROM.
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pocket including residues Val236, Ala248, Leu253, Val316, and Ala352 (Fig. 19B).
Although mutation to Ile (magenta) is conservative, the change in branching of the
side chain pulls four carbons of the unit somewhat out of the pocket. Not only can this
cause rearrangement of the hydrophobic cluster, but the steric effects near the
pocket’s base are predicted to interfere with backbone atoms, as well. Along similar
lines, Kavallaris and coworkers argued that the Leu to Ile switch occasions short con-
tacts between Ileu240 and Ala248 on the loop linking helices H7 and H8 in the protein.
As these interactions operate near the intradimer surface of the tubulin α.β-heterodimer,
it was speculated that coupled displacements of the helices might affect the
longitudinal interactions between the subunits. Thus, in turn, microtubule stability
could be affected.

In combination with the peptide labeling data, the βLeu240Ile mutant information is
potentially diagnostic of a more specific locale for Vinca alkaloid binding. In this region
of the protein, two sectors of the labeled peptides are within 4–6 Å. One of these is indi-
cated in Fig. 18 by the two residues Glu198 and Ile376 colored red, belonging to each
of the peptide sequences (in magenta and cyan), respectively. These two amino acids are
within 6–8 Å of mutant Leu240Ile (green). Two additional pieces of information are
exhibited in Fig. 18. First, the amino acids Cys239 and Cys354 (yellow) are intimately
associated with the mutated center. These residues have been crosslinked to suitable
colchicine derivatives (85). Second, the latter is in the same region of the protein
where Taxol™ binds. These spatial connections may reflect the observations that vinblas-
tine seems to protect the colchicine site from decay, even though vinblastine and
colchicine do not affect each other’s binding to tubulin (86). This collection of evidence
motivates us to speculate that the Vinca alkaloids may bind near the white circle with
the “V?” seen in Fig. 18. This view would be consistent with the observation that vin-
blastine exhibits 40-fold cross-resistance against the βLys350Asn mutation induced by
indanocine that was previously described (69). It is worth noting that despite the exist-
ing data and although all of the earlier proposals are reasonable, the precise role played
by vincristine and vinblastine in both the induction of mutations and the resulting resist-
ance will remain unclear until more detailed information on the precise binding center
of the Vinca drugs is obtained.

8. HEMIASTERLIN: RESISTANCE FROM α-TUBULIN

Hemiasterlin (Fig. 15) is a member of a small family of cytotoxic tri- and tetraphep-
tides isolated from marine sponges. The compound is a more potent in vitro cytotoxin
and antimitotic agent than either Taxol™ or vincristine (87). A synthetic analog, HTI-
286 (Fig. 15), overcomes resistance mediated by drug efflux pumps including Pgp
(MDR1), multidrug-resistance-associated protein 1 (MRP1), and mitoxantrone-resistance
gene (MXR) (88,89).

Attempts to locate the hemiasterlin-binding site have utilized two-labeled benzophe-
none photoaffinity probes of HTI-286, both of which exhibit similar tubulin affinity
(apparent KD = 0.2–1.1 μM), potent inhibition of cell growth (IC50, 1–22 nM), and
exclusive labeling of α-tubulin (19,90,91). Probe 1 labels α-tubulin both in cytosolic
extracts of whole cells and in the pure form. Deconvolution of the latter identifies
residues α314–338 as the target, a region that corresponds to strand B8 and helix H10
(Fig. 20, cyan). The α-tubulin peptide tagged by probe 2 in bovine brain and HeLa cell
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tubulin preparations (residues α204–280) is considerably more expansive, but comple-
mentary to probe 1 (Fig. 20, magenta). Together the labeled peptides cap α-tubulin at
its northern end. Ligand binding in this sector provides opportunities to alter wt tubulin
behavior associated with longitudinal interactions with β-tubulin across the interdimer
interface, lateral interactions with adjacent protofilaments, and the ability to cross-link
to stathmin, a protein that induces depolymerization of MTs. These phenomena are, in
turn, intimately affiliated with the extent of microtubule stabilization in the cell.

Further biological evidence complementary to the photoprobe studies, is provided by
the identification of tubulin mutants from cells raised in the presence of HTI-286; namely
the 1A9-HTIR cells (77). Derived from the 1A9 human ovarian carcinoma cells, this cell
line is 57- to 66-fold resistant to HTI-286 and exhibits a βSer172Ala mutation in the
HM40 β-tubulin isotype. Two other 1A9-HTIR cells lines with no mutations in the 
β-subunit display αSer165Pro/Arg221His and αIle384Val replacements, respectively,
in the Kα-1 α-tubulin isotype (77). The presence of these α-tubulin mutations is associated
with 65- to 89-fold drug resistance. In a separate study using the human epidermoid 
carcinoma KB3-1 cells, a KB3-1-HTI resistant clone revealed a fourth α-tubulin mutation:
Ala12Ser (78). However, this mutation was only partially responsible for the resistant
phenotype as these cells also displayed significantly impaired intracellular drug accumu-
lation, indicating overexpression of a drug-efflux pump conferring drug resistance.
Figures 20–22 display the corresponding amino acids in different settings. Residue
αArg221 falls within the magenta peptide (α204–280) identified by photolabeling; 
however, this residue, similar to residues Ile384 and Ala12, appears to be at a distance
from the putative hemiasterlin-binding site. It might appear from Fig. 20B that the latter

Fig. 20. Photoaffinity labeled peptides and mutations around the α-tubulin hemiasterlin-binding site.
(A) Benzophenone photoaffinity probes of HTI-286 (13) label peptides that cover the α-subunit cap;
probe 1 (314–388, cyan), probe 2 (204–280 magenta). (B) Four mutations induced by HTI-286 are
pictured in yellow. Arg221 falls within the magenta labeled peptide sequence. Ala12, Ser165, and
Ile384 are independent of the peptides. To view this figure in color, see the insert and the companion
CD-ROM.
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amino acid resides near the magenta peptide, however, closest contacts are 5–7 Å. As
depicted by Figs. 20 and 21A, mutant Ser12 (Ala12 is the wt shown in the Fig. 19) is not
only near the tubulin dimer interface, but is also in direct contact with the nonexchangable
N-site GTP (55). In particular, the serine OH is in a position to make a hydrogen bond
with either the oxygen of the 5′-α-phosphate, the oxygen of the sugar or the nitrogen of
the guanine base. Furthermore, although Arg221 is distant in space from GTP (14–15 Å),
it is linked through helix H6 and the distal loop on which it resides. It seems unlikely that
mutations at positions α12 and α221 can confer resistance by ablating the binding of
hemiasterlin analogs, but one possibility for mutual interaction between them is shown
in Fig. 21A. The αSer12/GTP couple can potentially perturb the orientation of the helix
H6, which may in turn alter the conformation of the loop that harbors Arg221. The plau-
sibility of this long range interaction is strengthened by the observation that the NH2 of
GTP’s guanine base is within hydrogen bonding distance of the side chain of Asn204 at
the end of H6.

With respect to the βSer172Ala mutation, (77) Fig. 21B illustrates that the residue
is located on the loop between β-strand B5 and helix H5. Strikingly, like the αSer12
mutation, it is situated within 5 Å of the nucleotide, in this case exchangeable GTP at
the interdimer interface. If this residue is one of the factors that indeed causes resist-
ance to HTI-286, mutation most probably transmits conformational information from
the β-subunit to the α-subunit to prevent the microtubule destabilizing action of the
hemiasterlin drugs. The speculation carries the caveat that any accompanying resistance
operates without interfering with GTP/GDP dynamics.

Finally, the αSer165Pro change has been suggested to operate by a train of events
similar to that depicted for mutation centers αSer12 and αArg221, this time across the
tubulin dimer interface (77). Figure 22 intimates that αSer165 can engage in nonbonded
contact with Gln256 on helix α-H8, a key part of the longitudinal interface between

Fig. 21. Local environments of the αAla12Ser, βSer172Ala, and βArg221His mutations. (A) The
αSer12 mutation on helix αH1 appears to be within hydrogen bonding distance of GTP. The latter, in
turn, is in direct contact with α-H6 and the connected loop on which resides Arg221. (B) Ser172 on
the loop connecting β-H5 and β-B5 is within a few Å of GDP and the channel that separates the 
α- and β-tubulin subunits. To view this figure in color, see the insert and the companion CD-ROM.



dimers. A half turn away, αAsn258 interacts with helix β-H5 and the β-B5 connected
loop on which βSer172 resides. Furthermore, α-H8 includes Glu254, a residue required
for hydrolysis of GTP in β-tubulin on polymerization (92). Conceptually, then, two
additional centers susceptible to mutation in response to HTI-286 may well engage in
mutual long-range interaction in a sector crucial for regulation of the dimer–microtubule
equilibrium.

An insightful and provocative analysis of the role of mutations distant from the tubulin
binding site of an effective drug has been presented by Poruchynsky and colleagues
(77). It centers on the principle that mutations to a cytotoxic drug must still allow tubulin
self-assembly and assembly regulation to ensure cell survival. Two cases are cited. First,
resistance to ligands that bind in sites not directly involved in dimer aggregation can be
mediated by mutations within the same sites without detrimental influence on the tubu-
lin–microtuble equilibrium. The taxane cleft mutations against Taxol™ analogs and
epothilones (Fig. 2) discussed earlier are pertinent examples. Second, antimitotic drugs
that operate from a site of tight sequence conservation require an alternative mutation
strategy to achieve resistance. Such amino acid interchanges are predicted to be local-
ized distant from the binding site and to counter drug action by a mechanism other than
drug-binding inhibition. Thus, effective mutations are regarded to be those that influ-
ence microtubule dynamics opposite to the drug’s effect; stabilizing mutations for
depolymerization and destabilizing mutations for microtubule stabilizers. Poruchynsky
and colleagues argue that HTI-286 induced mutations of the first type should act to
increase the stability of MTs, confer general resistance to depolymerizing agents, and
increase sensitivity to stabilizing ligands. Indeed, as described earlier, the tubulin muta-
tions in 1A9-HTIR resistant cells are accompanied by increased microtubule stability.
They similarly display cross-resistance to Vinca alkaloids (10- to 186-fold), dolostatin-10
(7- to 10-fold), cryptophycin-1 (four- to sevenfold), colchicines, and podophyllotoxin
(two- to fourfold), but none to Taxol™, Taxotere (2), epothilones (4), and other micro-
tubule stabilizing agents. By contrast, these HTI-resistant cells were 2- to 14-fold more
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Fig. 22. A potential interaction train for αSer165Pro and βSer172Ala across the αβ-tubulin dimer
interface (dotted line); αSer165 (magenta), βSer172 (green). αGln256 is a residue required for
hydrolysis of GTP in β-tubulin on polymerization. To view this figure in color, see the insert and the
companion CD-ROM.



sensitive to all microtubule-stabilizing drugs tested. The resistant cells were equally
sensitive to adriamycin (one- to fivefold), a drug that targets DNA. In sum, these cyto-
toxicity profiles suggest that at least three of the mutations identified in the α- and 
β-subunits of the tubulin dimer (βSer172Ala, αIle384Val, and αSer165Pro) alter the
stability of MTs rather than interfering with HTI-286 binding. The principle is intriguing
and may apply similarly to the colchicine, Vinca, and laulimalide (22) sites as well as
to other proteins. However, as mentioned earlier, additional studies using isolated 
tubulins harboring the aforementioned mutations are required to elucidate the role of
these mutations in drug-binding vs microtubule stability.

9. CONCLUSION

Clinical drug resistance is a major barrier to overcome before chemotherapy can
become curative for most cancer patients. In the majority of cases, drug resistance even-
tually develops and is universally fatal. If this could be prevented or at least overcome,
the impact for cancer therapy would be substantial. Rational attempts to tackle clinical
drug resistance need to be based on the understanding of the molecular mechanisms
involved. These mechanisms are likely to be complex and multifactorial, given the high
level of genomic instability and mutations seen in cancer cells, as well as the fact that a
combination of chemotherapy agents, each one having a different cellular target, are 
generally administered clinically. All of these factors together with the high degree of
tumor heterogeneity seen in patients allow the cancer cell many escape routes to survival.

Molecular insights into mechanisms of drug resistance are often achieved through stud-
ies of experimental models of induced drug resistance. In the case of taxanes and other
microtubule-targeting agents these models primarily include cancer cell lines with induced-
resistance phenotypes following drug selection. Although, the role of acquired tubulin
mutations in clinical drug resistance is not yet clear, acquisition of tubulin mutations in
cultured cells is one of the most frequently occurring mechanisms of resistance to
microtubule-targeting agents. Molecular and structural studies of these acquired tubulin
mutations have significantly deepened the understanding of the basic biology of tubu-
lin and MTs and have revealed important information on drug–tubulin interactions. This
knowledge has provided attractive alternative treatments to overcome resistance by
using structurally related compounds whose activity is not affected by the presence of
specific tubulin mutations.

As microtubule-targeting drugs will continue to play a major role in anticancer ther-
apy, and resistance to these drugs will continue to be an important clinical issue until
minimized, it is hoped that the knowledge gained from these preclinical studies will
lead to more effective cancer therapies. Room for optimism is found in current treat-
ments of AIDS, another disease plagued by drug resistance owing to mutations in two
important clinical targets; namely reverse transcriptase and HIV protease. Drug cock-
tails targeting different viral proteins appear often to be effective at causing significant
and long-term reduction in viral load (93). A similar strategy has been less successful
in the case of bacterial infection. Within this regime, mutations of a variety of bacterial
proteins are sufficiently rapid that monodrug therapies are consistently playing catch-
up (94,95). In some instances, control of clinical infection would appear to be threat-
ened by the potential development of resistance to last-resort vancomycin, a powerful
antibiotic without deep backup (96,97). Thus, it is not yet clear that, even if a detailed
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understanding of mutation in tumor-causing systems is gained, general and widely
applicable remedies for the range of diseases that fall under the cancer umbrella can be
devised. However, without deeper insights into the operation of mutant-driven resist-
ance, the opportunities for rational intervention are considerably diminished whatever
the long-term prospects may be.
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SUMMARY

The taxanes are a versatile and important class of drugs that target microtubules.
Paclitaxel and docetaxel are some of the most widely used cancer chemotherapeutic
agents in clinical oncology. In this chapter, we discuss the most common dose and
treatment schedules, clinical efficacy, and the toxicity profiles of these agents in detail.
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1. INTRODUCTION

The taxanes represent one of the most important and clinically useful classes of anti-
cancer agents in all of clinical oncology. Initial studies of the taxanes began in 1963
when natural product screening programs demonstrated that extracts of the bark of the
Pacific yew tree (Taxus brevifolia) had antitumor activity (1,2). Several years later,
Monroe Wall and colleagues (3) identified paclitaxel as the active component in these
crude extracts. Early studies of the taxanes were limited by the difficulties in preparing
sufficient quantities of paclitaxel for pharmacological testing and by its poor aqueous 
solubility. However, further interest in this novel agent was stimulated by pioneering studies
by Horowitz and colleagues that characterized paclitaxel’s novel mechanism of action
as a microtubule stabilizer (4,5). Subsequent studies of related compounds led to the
synthesis of docetaxel, a semisynthetic derivative of 10-deacetylbaccatin III, which is
an inactive but much more easily isolated taxane precursor found in yew tree needles.
The yew tree needles represent a renewable resource that is much more readily available
than tree bark (6).
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Paclitaxel and docetaxel are both complex ester derivatives that share a common tax-
ane 15-ring structure bound to an oxetan ring. Structurally, paclitaxel and docetaxel dif-
fer in the nature of the substitutions on the C13 ester side chain and in the alkyl groups
bound to the C10 carbon. These structural differences render docetaxel slightly more
water soluble than paclitaxel; however, both taxanes share a common binding site on the
β-tubulin subunit that localizes to the inner surface of the microtubule lumen. These
binding regions are completely distinct from those used by colchicine and the vinca
alkaloids. Taxane binding results in the stabilization of polymerized microtubules by
promoting the nucleation and elongation phases of microtubule assembly; thereby
reducing the tubulin protein concentration required for microtubule formation (1,2).
Docetaxel has about a twofold higher binding affinity for β-tubulin and may have
slightly higher in vitro potency. This taxane-induced stabilization alters microtubule
dynamics, ultimately interfering with mitotic spindle formation. This disruption can
induce p53 expression and inhibit cyclin-dependent kinases resulting in cell cycle arrest
in mitosis, identified on fluorescent activated cell sorter analysis as arrest in the G2M
phase of the cell cycle (G2M arrest). Subsequently, inactivation of the antiapoptotic
BclxL/Bcl-2 proteins occurs and apoptosis ensues. The similarity of action of paclitaxel
and docetaxel raises the question of whether complete clinical cross resistance exists
between the taxanes. The clear clinical activity of one taxane in cancer patients truly
refractory to another has not been unequivocally demonstrated. A detailed discussion of
the taxane’s mechanism of action is provided in Chapter 13.

Taxane resistance has been associated with enhanced drug efflux from cells mediated
by the multidrug resistance gene, MDR1 that encodes for the membrane-associated drug
efflux pump, P-glycoprotein (7). Other less well-characterized transporters may also be
important in mediating clinical taxane resistance. In cell lines, mutations in the α- and
β-tubulin subunits have been characterized that promote taxane resistance; however, the
importance of these mutations in the clinical setting has not been determined (8,9).
Finally, the increased expression of antiapoptotic proteins such as Bcl-2 may also con-
fer a relative degree of resistance to the taxanes.

2. PACLITAXEL

2.1. Doses/Schedules
Paclitaxel has been administered as an intravenous infusion in schedules ranging in

duration from 1-h to as long as 96-h. In early studies of 6 h infusion schedules, the phar-
macokinetics of the drug in plasma was characterized by a biphasic process with dose
proportional kinetics (1,2,10,11). However, detailed pharmacokinetics analyses of
shorter 3 h paclitaxel infusions demonstrate nonlinear pharmacokinetics with saturable
drug distribution and elimination. These shorter infusions are associated with higher
plasma concentrations of the Cremophore™ vehicle, which may contribute in part to
paclitaxel’s nonlinear kinetics (12).

Paclitaxel is the most commonly administered at doses ranging from 175 to 200 mg/m2

infused during 3 or 24 h every 3 wk. Prophylactic administration of glucocorticoids and
H1 and H2 antagonists to prevent hypersensitivity reactions is considered routine when
administering paclitaxel chemotherapy. Because longer infusion schedules have not
demonstrated clear superiority during shorter infusion durations, most oncologists admin-
ister 175 mg/m2 of paclitaxel as a 3-h infusion. In addition, weekly drug administration
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schedules have been explored with some promising early results. Weekly paclitaxel
infusions at doses ranging from 80 to 100 mg/m2 induce less bone marrow suppression
with no apparent loss in antitumor efficacy compared with conventional schedules
(13–17). Disadvantages of weekly administration schedules include lack of extensive
data in randomized phase III studies, and the requirement for weekly treatment center
visits. Higher doses of paclitaxel, often administered with growth factor support, have
been referred to as “dose-intense” paclitaxel regimens and this strategy has been exten-
sively explored in clinical trials. In advanced solid tumors, high doses of paclitaxel of up
to 250 mg/m2 given every 3 wk may increase response rates in diseases such as advanced
ovarian, breast, nonsmall cell lung (NSCL), and head and neck cancers; but, overall sur-
vival (OS) is not improved (18). However, these dose intense paclitaxel regimens are
associated with increased drug-related toxicities, and in the final analysis, there are very
little compelling data to support the aggressive use of these toxic, dose-intense regimens.
In contrast, emerging data on the use of more frequent administration of paclitaxel at
standard doses given every 2 wk instead of every 3 wk are quite promising (19,20). These
so called “dose-dense” treatment strategies may offer improved efficacy in the adjuvant
treatment of breast cancer without substantially increasing drug-related toxicities.

2.2. Toxicities
The major dose limiting toxicity of paclitaxel is myelosuppression, principally neu-

tropenia, with thrombocytopenia and anemia occurring less commonly. When adminis-
tered on an every 3 wk schedule bloodcounts typically nadir by days 8–10, with
recovery occurring by day 21. The degree of previous bone marrow suppressive therapy
is predictive of the severity of neutropenia, with heavily pretreated patients showing a
substantial increase in risk of more profound neutropenia. In pharmacodynamic studies,
the degree of neutropenia was found to correlate with the time that the concentrations
of paclitaxel in plasma are higher than threshold plasma concentrations, typically
0.05–0.1 μM (10,21,22). Paclitaxel induced neutropenia is not cumulative, and in most
cases the duration of severe neutropenia is brief, lasting less than 7 d even in patients
with extensive earlier chemotherapy.

Paclitaxel therapy is associated with a classical peripheral neuropathy that is frequently
cumulative in nature. The clinical presentation is one of loss of proprioception combined
with diminished soft touch sensation in a stocking and glove distribution, with attenuation
of deep tendon reflexes (23,24). The mechanism of paclitaxel induced neuropathy has
been attributed to axonal degradation associated with demyelination. Symptoms are com-
monly dose related with severe peripheral neuropathy being infrequent at doses less than
200 mg/m2 on an every 3 wk schedule, or at doses less than 100 mg/m2 on a weekly
administration schedule. Higher doses above 250 mg/m2 or more may be associated with
acute presentations of neuropathy beginning as early as 1–3 d after treatment. However,
the most common clinical scenario is the slow, cumulative onset of neuropathy occurring
after multiple rounds of chemotherapy at doses ranging from 135 to 250 mg/m2 on an
every 3 wk schedule. Risk factors for severe neuropathy include earlier exposure to other
neurotoxic drugs (e.g., cisplatin), or the presence of chronic neuropathy because of other
conditions including diabetes, neurological disorders, or ethanol abuse.

In early clinical trials of paclitaxel, the incidence of severe hypersensitivity reactions
was as high as 30% (25,26). However, the institution of routine prophylaxis with anti-
histamines, glucocorticoids, and H2-blocking agents has reduced this incidence to 1%



and 2.1%, for the 3 h and 24 h infusions, respectively (27). Acute paclitaxel hypersen-
sitivity reactions are manifested as shortness of breath, airway hyper-reactivity, brady-
cardia, low blood pressure, body pains, and an urticarial skin rash, frequently beginning
within minutes of the first or second drug infusion. Prompt termination of the infusion
followed by standard supportive care for acute hypersensitivity reactions is usually suf-
ficient to resolve the episode. Reinitiation of paclitaxel infusions has been successful in
some cases following high dose glucocorticoid administration. Minor acute reactions
including skin rash and flushing responses may be seen more commonly, but in such
cases continued treatment is not usually associated with any severe sequelae. These
paclitaxel-associated allergic reactions have been attributed in large part to the
Cremophore vehicle used to administer the drug.

Paclitaxel is a mild vesicant, and localized necrosis at sites of extravasation has been
reported. One clinical report recommends close observation and the administration of
cold packs instead of heat as potential treatment for paclitaxel extravasation events (28).
Another relatively infrequent dermatological side effect is a localized skin reaction at
the site of previous radiation therapy; the so-called radiation “recall” reaction (29,30).

2.3. Paclitaxel: Clinical Utility
2.3.1. OVARIAN CANCER

Paclitaxel has clinically significant activity in the treatment of a variety of solid tumors,
including breast and lung cancers (1,2); however, the earliest clinical studies of paclitaxel
were in ovarian cancer. Paclitaxel was initially approved for the treatment of patients with
advanced ovarian cancer refractory to first-line platinum-containing chemotherapy. Later
studies demonstrated that paclitaxel in combination with either cisplatin or carboplatin
was a useful adjuvant therapy for earlier stage ovarian cancer patients. Currently, the treat-
ment of choice for newly diagnosed patients with advanced ovarian cancer is surgical
debulking followed by six courses of carboplatin and paclitaxel.

The role of paclitaxel in combination with a platinum agent in the treatment of ovar-
ian cancer was established in several studies. In Gynecological Oncology Group study
111, 386 patients with advanced ovarian cancer and large volume disease were random-
ized to treatment with 6 courses of cisplatin at 75 mg/m2 in combination with either
cyclophosphamide 750 mg/m2 or paclitaxel 135 mg/m2 infused during 24 h (31). All
patients had either stage IV or suboptimally debulked stage III disease. The cisplatin-
paclitaxel combination was associated with a higher incidence of febrile neutropenia,
peripheral neuropathy, myalgias, hypersensitivity, adverse cardiac events, and alopecia;
however, the efficacy of the taxane combination arm was also superior. After a median
follow-up of 37 mo, the paclitaxel treatment arm showed a significant improvement in
objective response rate (73% vs 60%, p = 0.01) and in median survival (38 vs 24 mo,
p < 0.001). Overall, cisplatin-paclitaxel was associated with a 33% more reduction in
mortality compared with the cisplatin–cyclophosphamide containing arm.

These data were confirmed by a European–Canadian trial (OV10) comparing 
the combination of cyclophosphamide 750 mg/m2 and cisplatin 75 mg/m2 to paclitaxel
175 mg/m2 during 3 h and cisplatin 75 mg/m2 in patients with stage IIB to Stage IV
ovarian cancer (32). Once again the paclitaxel containing arm demonstrated a superior
response rate (59% vs 45%) and better OS (35.6 vs 25.8 mo) after a median follow-up
period of 38.5 mo. These two studies firmly established the role of paclitaxel in com-
bination with a platinum agent as the standard of care for newly diagnosed patients
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with advanced ovarian cancer. At present, it is still unclear if one platinum derivative
is superior than another when given in combination with paclitaxel. However, because
cisplatin-paclitaxel regimens may generate more severe toxicities compared with
carboplatin combinations (33,34), most oncologists now favor carboplatin dosed to an
area-under-the-curve (AUC) of 6–7 in combination with paclitaxel at 175 mg/m2 during
3 h as the treatment of choice for patients with ovarian cancer.

A Scottish study examined the utility of using docetaxel instead of paclitaxel in com-
bination with carboplatin in advanced ovarian cancer (35). Although the paclitaxel arm
generated slightly more neurotoxicity, it was also significantly better tolerated in terms
of myelosuppressive and nonhematological toxicities when compared with docetaxel.
Thus, paclitaxel remains the most common taxane used in this setting I.

An as yet unanswered question is what is the optimal duration of paclitaxel therapy in
the treatment of advanced ovarian cancer? A single randomized Phase III study examined
the utility of administering a prolonged maintenance course of paclitaxel chemotherapy to
advanced ovarian cancer patients experiencing a complete clinical response during front-
line therapy with paclitaxel and carboplatin (37). Completely responding patients were
randomized to receive an additional 3 or 12 mo of paclitaxel at 175 mg/m2 during 3 h.
A marked improvement in progression-free survival favoring the prolonged 12 mo
maintenance treatment schedule led to early termination of this study. The median 
progression-free survival was 21 mo vs 28 mo (p = 0.0023) for the 3 and 12 mo groups,
respectively; however, OS was equivalent at the time of study closure. Toxicities were
enhanced by the prolonged drug administration; but overall, these were judged to be
clinically manageable. Studies to confirm show the benefit of maintenance paclitaxel
therapy in this setting have been designed.

In early stage disease, ovarian cancer patients undergoing complete surgical debulking
with no other risk factors have a recurrence risk of less than 10%. Such patients need no
additional therapy other than observation. However, patients with any high risk features
have a risk of recurrence of about 40%. High risk factors are defined as any of the follow-
ing: histological grade 3 (poorly differentiated) cancers, tumor on the surface of or extrin-
sic to the ovary, positive peritoneal cytology, or extra ovarian stage II disease. In early
stage high-risk ovarian cancer patients, a European study randomized 925 women to treat-
ment with a platinum containing adjuvant chemotherapy regimen or to observation alone.
At 4 yr of follow-up, the recurrence free 5-yr survival was 76% for the treatment arm com-
pared with 65% for the controls, corresponding to a relative risk of 0.64 (p = 0.001).
Overall 5 yr survival was 82% for the treatment arm and 74% for the control patients (rel-
ative risk of 0.67, p = 0.008) (32). Based upon these finding, most physicians now favor
adjuvant therapy for any early stage ovarian cancer patients with high risk factors.

A Gynecological Oncology Group study (Protocol 157) randomized 457 women
with completely resected early stage high-risk ovarian cancer to treatment with three or
six cycles of postoperative paclitaxel at 175 mg/m2 during 3 h in combination with car-
boplatin dosed at an AUC of 7.5 every 3 wk. No significant differences were seen for
the two treatment durations (38). Currently, most patients with completely resected
early stage ovarian cancer and any high-risk factors are treated with a minimum of three
cycles of adjuvant paclitaxel and carboplatin chemotherapy (37,38). 

An important issue in the optimal use of paclitaxel is whether increasing the dose
intensity by escalating the taxanes to maximal dose levels with growth factor support
provides an overall improvement in therapeutic index. This approach was examined in
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a randomized study by Omura et al (39) comparing dose-intense single agent paclitaxel
to standard dose regimens in women with platinum refractory ovarian cancer. Women
were randomized to receive 24 h infusions of 175 mg/m2 or 250 mg/m2 infusions of
paclitaxel, with growth factor support given at the higher dose level. Primary end points
were response rate, progression-free survival, and OS. Response rates were significantly
better for the higher dose vs the lower (36% vs 27%, respectively; p = 0.027), but pro-
gression-free survival (5.5 mo vs 4.8 mo, respectively) and median survival (13.1 mo vs
12.3 mo, respectively) were not significantly improved. Furthermore, myelosuppres-
sion, neuropathy, and myalgias were substantially more severe on the high dose arm.
This study is in complete agreement with many earlier trials of paclitaxel dose-intense
regimens conducted in breast, lung, and head and neck cancer patients that consistently
demonstrate higher response rates without a survival benefit (18). The lack of improved
survival and the increase in drug-related serious toxicities argue strongly against the
wide-spread implementation of dose-intense paclitaxel strategies in the palliative treat-
ment of solid tumors.

2.3.2. ADVANCED BREAST CANCER

After its initial success in ovarian cancer, paclitaxel was also subsequently approved for
use in advanced breast cancer patients in the second-line setting (40). Currently, the tax-
anes have an established role in the management of patients with advanced anthracycline-
resistant metastatic breast cancer. Paclitaxel has also been approved for the adjuvant
treatment of patients with early stage breast cancer with lymph node involvement when
administered after surgery in combination with anthracyclines. This indication was
based upon randomized studies showing an improved progression-free survival, although
a clear benefit in OS was not definitively demonstrated (41). More recently, clinical trials
of adjuvant chemotherapy for breast cancer patients have examined more novel taxane-
containing regimens by exploring dose-dense and/or dose-intense treatment strategies.

Paclitaxel has been extensively studied as first-line therapy for the treatment of women
with metastatic breast cancer. In a randomized study in 209 breast cancer patients previ-
ously untreated for metastatic disease, 200 mg/m2 of paclitaxel infused during 3 h was
compared with a nonanthracycline containing regimen consisting of cyclophosphamide,
methotrexate, 5-fluorouracil, and prednisone (42). Overall, a nonsignificant trend favor-
ing paclitaxel was seen in the objective response rate (35% vs 29%, p = 0.37), and in the
median time to tumor progression (6.4 vs 5.3, p = 0.25). Crossover between the treatment
arms was not permitted and median survival was marginally better for the paclitaxel arm
(17.3 vs 13.9 mo, p = 0.068). Myelosuppressive toxicities were less common on the
paclitaxel arm; however, overall quality of life was similar.

A second study randomized 331 patients with advanced metastatic breast cancer to
either 175 mg/m2 of paclitaxel during 3 h vs single-agent doxorubicin 75 mg/m2 (43). The
primary end points favored the doxorubicin arm over the paclitaxel treatment, with
response rates of 41% and 25%, respectively (p = 0.003), and progression-free survivals
of 7.5 vs 3.9 mo, respectively (p < 0.001). Median survival was not significantly different
for doxorubicin compared with paclitaxel (18.3 vs 15.6 mo, p = 0.38); however, crossover
between the two arms was allowed. Doxorubicin was associated with higher bone marrow
suppression and more cardiac side effects, whereas myalgias and peripheral neuropathy
were more common with paclitaxel. Thus, paclitaxel offered no advantage over single
agent doxorubicin as first-line therapy for metastatic breast cancer.
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Finally, a large intergroup three arm trial compared single agent doxorubicin vs
single agent paclitaxel at 175 mg/m2 during 3 h vs the combination of both paclitaxel
and doxorubicin in 739 patients with advanced untreated metastatic breast cancer (44).
Interestingly, paclitaxel response rates (34%) were equivalent to doxorubicin alone
(34%, p = 0.77), but were inferior to the combination arm (47%, p = 0.006). No differ-
ence in OS was seen when paclitaxel (22.5 mo) was compared with either doxorubicin
(19.1 mo, p = 0.60) or the combination (22.4 mo, p = 0.49). Not surprisingly, myelosup-
pressive toxicities were the most pronounced on the combination arm, but no increase
in cardiotoxicity was observed when paclitaxel was combined with doxorubicin.
Together, these two first-line therapy studies in advanced breast cancer patients suggest
that single-agent paclitaxel may have some benefit over nonanthracycline-based
chemotherapy, but it offers no advantage over anthracycline-containing regimens.

In combination chemotherapy studies, paclitaxel plus doxorubicin was compared
with 5-fluorouracil, doxorubicin, and cyclophosphamide (FAC) in 267 advanced,
chemotherapy-naïve breast cancer patients (45). The time to tumor progression (8.3 vs
5.2 mo, p = 0.034), response rate (68 vs 55%, p = 0.032), and OS (23.3 vs 18.3 mo,
p = 0.013) all favored the doxorubicin and paclitaxel combination. Tolerability of both
arms was similar. A second trail conducted by the European Organization for Research
and Treatment of Cancer (EORTC) compared doxorubicin and paclitaxel with doxoru-
bicin and cyclophosphamide as initial treatment for advanced breast cancer in 275
patients (46). In contrast to the first study, the progression-free survival, response rate,
and median survival were equivalent for the two arms. The incidence of neutropenic
fever (32% vs 9%, p < 0.001) was higher for the paclitaxel arm, although other toxici-
ties were comparable. Several similar studies have also examined whether paclitaxel
plus the anthracycline epirubicin has any advantage over a nontaxane combination such
as epirubicin and cyclophosphamide in women with advanced breast cancer. However,
epirubicin–paclitaxel had no clear superiority over any of the nontaxane combination
treatment regimens used in these studies (46,47).

For women with HER2/neu expressing tumors, the addition of trastuzumab to single
agent paclitaxel provides clear clinical benefit. This was demonstrated in a large study of
women with advanced breast cancer treated with chemotherapy with and without the
Her2/neu (ErbB2) targeting antibody, trastuzumab (48). In this study design, most women
were randomized to treatment with doxorubicin ± trastuzumab; however, if they had pre-
viously received any anthracycline treatments, they were randomized to single-agent
paclitaxel ± trastuzumab. Overall, 92 patients were treated with paclitaxel and
trastuzumab, and 96 received paclitaxel alone. For the paclitaxel-treated subgroup, the
median time to tumor progression (6.9 vs 3, p < 0.001) and the overall objective response
rate (38% vs 16%, p < 0.001) favored the paclitaxel + trastuzumab combination. The com-
bination trended toward an improved median survival (22.1 vs 18.4 mo, p = 0.17), but it
was also associated with an increased risk of cardiotoxicity. However, in the context of the
larger study, this subgroup of paclitaxel–trastuzumab treated patients had less overall tox-
icity than the much larger number of women treated with doxorubicin and trastuzumab.

Unfortunately, there is a paucity of published randomized studies that carefully
examine the activity of second-line paclitaxel chemotherapy in patients with anthracycline
resistant breast tumors (47,49). One phase III study presented only in preliminary form 
suggested that second-line paclitaxel was less effective than second-line treatment with 
cisplatin and etoposide (49). In women previously treated with an anthracycline, paclitaxel
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had an inferior response rate and time to tumor progression than etoposide-cisplatin. This
is in contrast to the numerous phase III studies of docetaxel in the second-line setting
showing an advantage over nontaxane containing combinations regimens. (see doc-
etaxel discussion later). Thus, docetaxel instead of paclitaxel is typically the favored
taxane for the initial treatment of advanced breast cancer patients who are clearly
anthracycline refractory.

To summarize, as first-line therapy for advanced metastatic breast cancer patients,
single agent paclitaxel is active, but offers no benefit over doxorubicin-based
chemotherapy. In combination with an anthracycline, initial therapy with paclitaxel may
offer some benefit over nontaxane anthracycline-based regimens, but the total data are
not consistent on this point. Clearly, clinical evidence does not support the replacement
of doxorubicin with paclitaxel in frontline regimens, but the use of sequential single
agent therapy and the use of paclitaxel–anthracycline combinations need further study.
One caution regarding the expanded use of paclitaxel combination with doxorubicin is
the pharmacokinetic interaction that leads to higher exposures to doxorubicin and its
metabolites (50). This may cause more exposures to doxorubicin and enhance response
rates but may also increase long-term cardiotoxicity. Current studies are aimed at mini-
mizing this interaction by using sequential instead of concurrent administration of these
two agents. Finally, in Her2/neu over expressing patients, paclitaxel and trastuzumab
may offer a benefit over paclitaxel alone.

The optimal taxane to use in the treatment of metastatic breast cancer patients is
made more complicated by the growing body of data supporting the use of docetaxel in
this setting. No pharmacokinetic interaction has been reported between docetaxel and
doxorubicin. At present, the use of single agent docetaxel or combination regimens con-
taining docetaxel have largely supplanted paclitaxel as the treatment of choice for
anthracycline resistant breast cancer patients. However, direct head to head comparisons
between docetaxel and paclitaxel are lacking. In a preliminary but as yet not fully pub-
lished report on 449 women with anthracycline-refractory metastatic breast cancer, doc-
etaxel had superior time to tumor progression and OS compared with paclitaxel (46,47).
Interestingly, some clinical studies suggest a lack of cross-resistance between paclitaxel
and docetaxel (51,52), and in clinical practice, the use of both taxanes at some point dur-
ing the treatment of women with advanced breast cancer is relatively common.

2.3.3. ADJUVANT BREAST CANCER THERAPY

In adjuvant breast cancer trials, paclitaxel is almost always used in sequence with
anthracyclines in order to circumvent potential increases in cardiac toxicity induced by
the concurrent administration of paclitaxel and doxorubicin. Two conceptually similar
trials have been conducted: the Cancer and Leukemia Group B (CALGB) 9344 study
and the National Surgical Adjuvant Breast and Bowel Project (NSABP) B-28 study.
Both trials compared 4 cycles of standard doxorubicin and cyclophosphamide (AC)
chemotherapy with the same AC regimen followed by an additional 4 courses of single-
agent paclitaxel given in 3-h.

In the CALGB 9344 study, 3121 women with positive lymph nodes and early stage
breast cancer were randomized to four cycle of AC alone, or the same regimen followed
by four additional cycles of 175 mg/m2 of paclitaxel (41). The taxane-containing arm
showed a clear benefit in improved overall and disease-free survival (DFS). In the
NSABP (B-28) trial, 3060 women with node positive breast cancer were randomized to
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adjuvant postoperative treatment with 4 cycles of AC or the same treated followed by
four additional cycles of paclitaxel at 225 mg/m2 (49). Once again, the addition of paclitaxel
to the treatment regimen provided a significant benefit in DFS (76% vs 72%, p = 0.008);
but in contrast to the CALGB study, no improvement in OS was demonstrated.

Norton and colleagues (53) have extended the concept of dose intensity to explore
the more refined strategy of dose-density, which they define as standard doses of taxane
chemotherapy administered on a more frequent schedule. In early stage breast cancer
patients, the CALGB 9741 study compared a dose-dense combination of doxorubicin,
cyclophosphamide followed by paclitaxel administered every 2 wk with the same regimen
given on a standard every 3 wk schedule (20). This study also compared sequential dox-
orubicin, paclitaxel, and cyclophosphamide administered separately as consecutive single
agents with the more common coadministration of doxorubicin and cyclophosphamide
together followed by additional course of single-agent paclitaxel. Interestingly, the 
DFS and OS were improved on the dose-dense arms with a 26% and 31% decrease in
the relative risk in these two key end points, respectively. Surprisingly, the incidence of
serious neutropenia and myelosuppression was less in the dose-dense treatment group,
probably because of the mandatory use of prophylactic growth factors. No difference was
observed in these end points when the sequential consecutive schedules were compared
with the more standard coadministration schedules. Based upon these data, administra-
tion of every 2 wk courses of paclitaxel-based chemotherapy is a reasonable option to
consider in the adjuvant treatment of breast cancer patients (54).

In the neoadjuvant setting, paclitaxel has been less extensively studied than docetaxel.
In a randomized trial, Buzdar and colleagues (55) compared preoperative paclitaxel at 250
mg/m2 with doxorubicin, 5-fluorouracil, and cyclophosphamide in 174 women with early
stage breast cancer. The response rates in both arms were comparable for paclitaxel vs the
combination (80 vs 79%, respectively) although the pathological complete response rate
was lower in the paclitaxel alone arm (8% vs 16%). Longer term follow-up of these
patients beyond 2-yr l is necessary. Several other trials of neoadjuvant paclitaxel in com-
bination with anthracyclines are in progress (56).

2.3.4. LUNG CANCER

Paclitaxel is approved in combination with cisplatin chemotherapy for use in the ini-
tial treatment of advanced NSCL cancer patients (57). Based upon impressive single
agent activity and potential synergistic interactions with platinum derivatives, taxanes in
combination with a platinum agent are a common treatment choice for first-line therapy
of patients with this disease (58). Currently, a variety of two-drug combination regimens
are employed in advanced NSCL cancer, and a worldwide consensus on a specific opti-
mal combination does not exist. In North America, paclitaxel and carboplatin is the most
common chemotherapy doublet used in the treatment of patients with NSCL cancer.

The clearest demonstration of the impressive utility of paclitaxel in NSCL cancer was
the randomized study by Ranson et al. (59) where 157 chemotherapy naïve patients with
Stage IIIB or IV disease were randomized to paclitaxel 200 mg/m2 in 3 h or to the best
supportive care. Median survival was significantly improved by chemotherapy (6.8 vs
4.8 mo, p = 0.0037), and functional and quality of life assessments also favored the
chemotherapy arm. Subsequent studies in advanced NSCL cancer patients have com-
bined paclitaxel with a variety of agents including cisplatin and carboplatin, with gen-
erally comparable results in terms of antitumor efficacy (58).
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Two of the larger studies that illustrate the current state of knowledge about the
use of taxane-platinum combination chemotherapy are the SWOG 9509 and the
Eastern Cooperative Oncology Group (ECOG) 1594 studies. In the large SWOG
9509 study, 202 advanced NSCL cancer patients were randomized to treatment with
paclitaxel 225 mg/m2 and carboplatin dosed to an AUC of 6 every 2 wk or to another
doublet chemotherapy regimen consisting of vinorelbine and cisplatin (61). When
the paclitaxel– carboplatin treatment was compared with the vinorelbine–cisplatin
arm, objective response rates (25% vs 28%, respectively) and median survival (8.6
vs 8.1 mo, respectively) were comparable. However, myelosuppressive toxicities,
nausea and vomiting, and dose reductions were more common on the nontaxane con-
taining treatment arm. Assessment of quality of life was similar for both therapies.
Overall the paclitaxel and carboplatin doublet was favored because of improved con-
venience and tolerability. In the ECOG 1594 trial, four distinct combination
chemotherapy doublets were directly compared: paclitaxel and cisplatin, paclitaxel
and carboplatin, gemcitabine and cisplatin, and docetaxel and cisplatin (62). Again
no difference in efficacy end points was seen and overall toxicity was generally com-
parable. OS was 7.8 vs 8.1 vs 8.1 vs 7.4 for the paclitaxel/cisplatin, paclitaxel/car-
boplatin, gemcitabine/cisplatin, and docetaxel/cisplatin arms, respectively. Response
rates were 21% vs 17% vs 22% vs 16%, respectively. Toxicity was judged to be sim-
ilar on all arms, although severe grade 3 and 4 toxicities were the lowest in the car-
boplatin and paclitaxel arm (57).

Finally, a large Italian study compared the vinorelbine and cisplatin regimen with
paclitaxel and carboplatin and with gemcitabine and cisplatin in a three arm randomized
study in advanced NSCL cancer patients. When the vinorelbine and cisplatin, paclitaxel
and carboplatin, and gemcitabine and cisplatin arms were compared, no significant dif-
ferences were seen in response rate (30% vs 32% vs 30%, respectively) or in median
survival (9.5 vs 9.9 vs 9.8 mo, respectively) (63). Toxicity was worse on vinorelbine and
cisplatin arm, but was comparable for the other two chemotherapy doublets. The pacli-
taxel–carboplatin therapy was associated with more alopecia that the other two arms,
but it was otherwise well tolerated. In summary, these trials together do not strongly
favor any one chemotherapy doublet over another for the treatment of newly diagnosed
patients with advanced NCSL cancer.

The issue of dose intensity in NSCL cancer was addressed in a Greek trial that ran-
domized 198 advanced NSCL patients to either carboplatin and paclitaxel at 175 mg/m2

or to the same regimen with a higher dose of paclitaxel of 225 mg/m2 (64). There
was a trend favoring the more dose-intense paclitaxel regimen in terms of response
rate (25.6% vs 31.8%) and the median time to tumor progression was significantly
improved (4.3 vs 6.4 mo, p = 0.044). However, median survival was not significantly
better (9.5 vs 11.4 mo, p = 0.16). As expected, higher neurotoxicity and myelosup-
pression was seen on the high dose arm, but the regimens were otherwise well toler-
ated. Again, there seems to be little benefit to using the more dose-intense regimen
on a routine basis.

Finally, considerable clinical research is ongoing on the use of paclitaxel-based
chemotherapy in treating NSCL cancer patients in other settings. These include the use
of adjuvant chemotherapy after surgical resection of early stage disease, or the concur-
rent administration of paclitaxel chemotherapy in combination with radiation therapy
for locally advanced disease (57).
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2.3.5. OTHER TUMORS

Paclitaxel has also been approved for use by the US Food and Drug Administration (US
FDA) for the second-line treatment of Kaposi’s sarcoma in HIV positive patients (65,66).
Paclitaxel also has activity in a variety of additional solid tumor types, including head and
neck cancer (67), small cell lung cancer (68), gastric (69), esophageal (69), prostate (70),
unknown primary tumors (71), nonovarian gynecological tumors (72), bladder cancers
(73), and lymphomas (74). However, its optimal clinical role in the pharmacological man-
agement of these diseases is less well defined than it is in breast, lung and ovarian cancers.

Other promising early strategies for improving paclitaxel-based chemotherapy are
the development of novel formulations such as nanoparticle paclitaxel. Weekly nanopar-
ticle albumin paclitaxel (ABI-007) has shown preliminary promising activity in a ran-
domized study in advanced breast cancer (75). ABI-007 is designed to improve
intracellular tumor drug delivery by exploiting an albumin-specific transport mecha-
nisms in endothelial cells. Advantages of this approach include ease of formulation and
the ability to administer the agent without the need for the usual premedication for
hypersensitivity reactions. Other modifications in drug delivery systems include pacli-
taxel poliglumex (Xyotax™, CT-2103), a polyglutamated paclitaxel derivative, which is
in phase III testing in lung and ovarian cancer (76).

3. DOCETAXEL

Docetaxel is structurally related to paclitaxel, but differs in the substitutions located
at the C10 position on the taxane ring and in the ester side chain present at the C13 posi-
tion (6). Isolation of the inactive taxane compound, 10-deacetylbaccatin III, from the
needles of the yew tree provides a renewable source for the synthetic precursor of doc-
etaxel. The structural differences compared with paclitaxel may explain why docetaxel
has a 1.9-fold higher affinity for binding to β-tubulin (77). As a tubulin stabilizer, stoi-
chiometric docetaxel binding blocks the disassembly of tubulin polymers and disrupts
mitotic spindle function, ultimately leading to apoptosis. These processes occur at clin-
ically relevant nanomolar concentrations of docetaxel.

Docetaxel is administered intravenously, and its plasma concentrations profiles are
characterized by triphasic elimination kinetics with an elimination half-life ranging
from 11–19 h. Docetaxel has a relatively large volume of distribution, consistent with
its binding to a wide range of tissues. However, it is a substrate for the MDR1-mediated
P-glycoprotein drug efflux pump, which explains its poor oral bioavailability and its
limited penetration into the central nervous system (78). Covariate factors that substan-
tially influence docetaxel clearance include abnormalities in liver function, plasma α-1-
acid glycoprotein concentrations, liver dysfunction, and to a lesser extent, age and
serum albumin levels (79). Elimination occurs predominantly through the biliary tract
with about 70–80% of the administered agent eliminated in the feces. In contrast, only
about 10% of the total administered dose of docetaxel is excreted in the urine. Major
metabolites of docetaxel have not been well-characterized.

3.1. Doses/Schedules
Docetaxel is commonly administered every 3 wk at doses ranging from 60 to 100

mg/m2 infused in 1-h, with 75 mg/m2 being a frequent dose when docetaxel is given as
a single agent or in combination with other chemotherapeutic agents (6,80). At higher
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doses, docetaxel may be less well-tolerated, especially by patients who have received
extensive previous bone marrow suppressive therapies. One-hour weekly administration
schedules of docetaxel have also been explored, and may induce less myelosuppression
compared with conventional schedules.

3.2. Toxicities
Docetaxel’s major dose-limiting toxicity is myelosuppression (6,80). Typically,

blood counts will nadir on about day 8 of treatment, with full recovery by days 15–21.
The extent of previous myelosuppressive therapy is an important determinant for the
risk of severe docetaxel-induced myelosuppression. Alopecia is also extremely com-
mon and dermatological toxicities can occur in up to 50–75% of patients. Docetaxel
skin manifestations can include a pruritic maculopapular rash appearing on the fore-
arms, hands, or feet, and less commonly, desquamation of the palms or the soles of the
feet (palmar-plantar erythrodysesthesia) can occur. Unlike paclitaxel, docetaxel ther-
apy can cause edema and fluid accumulation including pleural effusions and ascites.
The mechanism of this adverse reaction is not precisely defined, but may relate to
increased capillary permeability. Fluid accumulation is often cumulative and resolves
slowly after docetaxel discontinuation. Complete resolution may take several months
(81). Glucocorticoid premedication may ameliorate this fluid retention. Acute hyper-
sensitivity reactions may arise and have been attributed to either Tween™ 80, the sol-
vent for intravenous docetaxel administration, or to the drug itself. The incidence of
allergic reactions is about 31% and can also be substantially controlled by glucocorti-
coid medication. The clinical manifestations of these allergic reactions often have their
onset during the initial course or two of docetaxel therapy and are characterized by
dyspnea, bronchospasm, and hypotension that begin within minutes after starting the
infusion. Immediate termination of the infusion and antihistamine administration will
generally allow the symptoms to resolve within 15 min and in the absence of more
severe reactions, treatment often can be reinitiated without serious sequelae. Similar to
paclitaxel, docetaxel therapy can cause mild, self-limited myalgias, and arthralgias;
however, peripheral neuropathies, diarrhea, and mucositis are much less frequent than
with paclitaxel therapy. Elevated liver function tests are uncommon.

3.3. Docetaxel: Clinical Utility
3.3.1. BREAST CANCER

Over the past decade, docetaxel has been extensively studied in women with breast
cancer. The activity of single agent docetaxel was initially well documented in the
treatment of women with advanced metastatic breast cancer patients refractory to
anthracycline-containing therapy. Recent studies have demonstrated considerable clinical
utility when docetaxel is combined with anthracyclines for the treatment of patients
with earlier stages of this disease.

3.3.1.1. Advanced Metastatic Breast Cancer. Metastatic breast cancer has a very poor
long-term prognosis with a median survival after the first documentation of metastatic
disease of approx 2 yr. Anthracyclines are now an established component for the initial
treatment of early stage and advanced breast cancer patients. As a consequence, clinical
trials examining the utility of docetaxel in advanced breast cancer have been conducted
within two distinct populations:
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1. Patients with no- or minimal-earlier anthracycline exposure, or 
2. Patients whose disease has recurred despite previous anthracycline therapy and whose

tumors are anthracycline refractory or resistant (47). 
In both of these settings, docetaxel has been studied as a single agent and in combi-

nation with other therapies. In the majority of these studies, docetaxel appears to
improve overall response rates and times-to-disease progression.

3.3.1.2. First-Line Therapy in Anthracycline Naïve Advanced Breast Cancer. Single
agent docetaxel at 100 mg/m2 was compared with doxorubicin monotherapy at 75 mg/m2

in 326 patients with anthracycline-naïve advanced breast cancer. Both drugs were admin-
istered every 3 wk for up to a maximum of seven courses (82). Progressive disease on a
previous alkylating agent-containing regimen was required for study enrollment.
Docetaxel resulted in a significantly higher response rates than doxorubicin (48% vs 33%,
p = 0.008), but the median time to tumor progression (6.1 vs 4.9 mo, p = 0.45) and median
OS (15 vs 14 mo, p = 0.39) were not significantly improved. Patients with a poor prog-
nosis with resistant disease (defined as relapsing within 12 mo of adjuvant therapy),
liver metastases, or other visceral disease all showed a benefit from docetaxel therapy.
Toxic drug-related deaths, mostly because of cardiotoxicity, were more frequent with
anthracycline therapy (3%) than with docetaxel (1.2%). Grade 4 neutropenia was similar
in both groups; however, doxorubicin caused more grades 3 and 4 nonhematological
toxicities. No differences in the quality of life scales were observed. Thus, in contrast to
paclitaxel, single-agent docetaxel may offer an advantage over anthracycline single agent
therapy in the initial treatment of advanced breast cancer patients.

The combination of docetaxel and an anthracycline was compared with a nontaxane-
containing regimen in four randomized studies of first-line therapy in women with
metastatic breast cancer. In all these studies, the docetaxel and anthracycline combi-
nation produced superior response rates. Three of the studies showed a benefit for the
docetaxel regimens in terms of time to tumor progression and a benefit in OS was
seen in two of the four studies (49). The TAX306 study compared the combination 
of docetaxel 75 mg/m2 plus doxorubicin at 50 mg/m2 (AT) with a nontaxane 
regimen consisting of doxorubicin at 60 mg/m2 plus cyclophosphamide at 600
mg/m2 (AC) (83). Treatments were administered every 3-wk for up to 8 courses to
429 anthracycline-naïve metastatic breast cancer patients. Forty-two percent of
patients had received previous adjuvant chemotherapy. Overall, AT therapy produced
superior response rates (60 % vs 47%, p = 0.0012) and median time to tumor pro-
gression (8.7 vs 7.4 mo, p =0.015) compared with the AC regimen. Median OS was
not statistically significant (22.5 vs 21.5 mo). Both regimens were judged to be 
tolerable, but the AT arm was associated with slightly more neutropenia (82% vs 69%),
febrile neutropenia (6% vs 2%), diarrhea, and asthenia. No differences in cardiotoxicity
were reported.

The second randomized phase III study compared the triple combination of doc-
etaxel, doxorubicin, and cyclophosphamide (TAC) with FAC as first-line chemotherapy
in 484 patients with advanced breast cancer (84). Thirty nine percent of patients had
received previous chemotherapy including 11% with previous history of anthracycline-
based chemotherapy, but in all cases the cumulative dose was less than 240 mg/m2.
Significantly better response rates were seen on the TAC arm compared with FAC ther-
apy (55% vs 44%, respectively; p = 0.023). No differences were observed in the median
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time to tumor progression (31 vs 29 wk, respectively; p = 0.51) or in the overall median
survival (21 vs 22 mo, respectively; p = 0.93). Grade 3 and 4 hematological toxicities
including febrile neutropenia (29% vs 5%) and nonhematological toxicities were more
frequent on the TAC arm.

A third randomized study compared docetaxel in combination with the anthracycline,
epirubicin, (ET) with the nontaxane containing three drug combination of 5-fluorouracil,
epirubicin, and cyclophosphamide chemotherapy (85). Both regimens were adminis-
tered every 3-wk to 132 anthracycline-naive advanced breast cancer patients. The ET
arm demonstrated a superior response rate (63% vs 34%) and median time to tumor pro-
gression (7.8 vs 5.9 mo). The fourth and final study compared the doublet of AT with
FAC in 216 metastatic breast cancer patients (86). This study demonstrated a signifi-
cantly superior response rate (64 % vs 41%, p = 0.002), median time to progression (8.1
vs 6.6 mo, p = 0.002), and median OS (22.6 vs 16.1 mo, p = 0.02) for the AT arm. Taken
together, these series of studies suggest that docetaxel and anthracycline combinations
may offer modest advantages in efficacy when compared with nontaxane containing
regimens in treating newly diagnosed patients with advanced breast cancer.

3.3.1.3. Anthracycline-Resistant Advanced Breast Cancer. Single-agent docetaxel
was compared with two separate doublet combination chemotherapy regimens in sev-
eral randomized studies examining second-line therapy of patients with anthracycline-
refractory advanced breast cancer. In the first study of 392 women with advanced breast
cancer, all patients had previously had progression of their disease after previous 
anthracycline-based therapy had been administered for metastatic disease (50%), for
adjuvant therapy (21%), or for both (29%) (83). Compared with mitomycin C and 
vinblastine, single-agent docetaxel generated superior response rates (30% vs 12%,
p < 0.0001), median time to tumor progression (4.4 vs 2.6 mo, p = 0.001) and OS (11.4
vs 8.7 mo, p = 0.0097). Febrile neutropenia and the incidence of serious grade 3 or 4
infections were significantly more common for the docetaxel-treated patients, and non-
hematological toxicities such as weakness, stomatitis, diarrhea, skin rash, nail changes,
and neuropathy were also more frequent. A second study compared single agent doc-
etaxel with methotrexate and 5-fluorouracil in 283 breast cancer patients, all of whom
had received previous anthracycline-based chemotherapy (87). In this Scandinavian
study, docetaxel again demonstrated superior response rates (42% vs 21%, p < 0.001)
and median time to tumor progression (6.3 vs 3 mo, p < 0.001). Both treatment arms
were generally well tolerated with infrequent grade 3 or 4 toxicities in both arms. No
differences in quality of life assessments were observed in either of these two trials.

Finally, a third randomized phase III study compared single-agent docetaxel with
continuous infusion 5-fluorouracil and vinorelbine in 176 women with anthracycline-
refractory breast cancer (85). Objective response rates were equivalent for docetaxel vs
5-fluorouracil and vinorelbine (43% vs 38.9%, respectively; p = 0.69), and the overall
efficacy of the two regimens were felt to be comparable. However, less febrile neutrope-
nia and treatment related deaths were observed on the docetaxel arm.

These studies in total strongly support the use of docetaxel in the treatment of women
with advanced breast cancer. However, an as yet unanswered question is what is the
optimal taxane for use in this disease? Studies directly comparing the two taxanes head
to head are lacking; however, a growing body of clinical evidence suggests that single-
agent docetaxel may offer a slight advantage over paclitaxel as initial therapy for
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patients with advanced disease (49). As previously mentioned, very preliminary evi-
dence suggests a modest time to tumor progression and OS advantage may exist for
docetaxel at 100 mg/M2 compared with paclitaxel at 175 mg/M2 administered to women
previously treated with anthracyclines on an every 3-wk schedule (88). However, the
overall toxicity of these two taxane regimens was also different, with the docetaxel arm
experiencing substantially more grade 3 or 4 neutropenia, asthenia, infection, edema,
and stomatitis.

Weekly regimens of docetaxel are gaining popularity and have been explored in a
variety of studies of women with advanced breast cancer. Because of the substantial tox-
icities observed with every 3 wk schedules of docetaxel, especially at higher doses, the
weekly regimens may be an attractive alternative, especially for more elderly and frail
patients. A review of the various weekly docetaxel regimes has been published by
Wildiers et al. (89). When administered weekly, docetaxel doses range from 35 to 50
mg/m2/wk given for 3 of 4 wk or for 6 of 8 wk. Although qualitatively toxicities are
unchanged, the severity of observed toxicities, especially myelosuppression, may be
modestly reduced with no apparent loss of antitumor effect.

To date, only one phase III trial has compared single-agent docetaxel to a capcitabine-
docetaxel combination (90). In this study, 511 patients with anthracycline-resistant
metastatic breast cancer were randomized to either capecitabine and docetaxel or to doc-
etaxel alone. All measured efficacy parameters strongly favored the combination including
time to tumor progression (6.1 vs 4.2 mo, p = 0.0001), median survival (14.5 vs 11.5 mo,
p = 0.0126), and response rate (42% vs 30%, p = 0.006). Overall treatment related
toxicities were comparable on both arms with slightly more grade 3 adverse events seen
with the combination, whereas the docetaxel alone had more grade 4 events. Dose
reductions were required in 65% of patients on the combination, compared with only
36% of patients receiving docetaxel alone.

Another taxane combination in clinical testing is docetaxel plus gemcitabine in
advanced breast cancer. Phase II studies of docetaxel administered at 35 mg/m2/wk for
3 out of 4 wk or as 75–100 mg/m2 every 4 wk along with gemcitabine administered
weekly have yielded response rates of 36–79% in the second-line setting with 5 of the 6
studies to date showing response rates higher than 50%. These individual phase II studies
have been reviewed in detail (91,92). A phase III study comparing the docetaxel–
gemcitabine doublet with docetaxel–capecitabine is presently ongoing.

3.3.1.4. Adjuvant Therapy of Early Stage Breast Cancer. The documented single-
agent activity of taxanes in patients with advanced breast cancer has stimulated the eval-
uation of these agents in the adjuvant setting. The strategies employed in the clinical
testing of these two taxanes have differed. Paclitaxel has been most frequently studied in
sequential combination regimens such as doxorubicin and cyclophosphamide followed
by paclitaxel (AC followed by paclitaxel) or doxorubicin followed by paclitaxel followed
by cyclophosphamide (A→P→C). In contrast, docetaxel has been studied both in sequen-
tial (AC followed by docetaxel) and concurrently administered regimens (doxorubicin/
docetaxel and docetaxel/doxorubicin/ cyclophosphamide). As such, the adjuvant clinical
trials of docetaxel can be classified into two groups. The first group of trials compared tax-
ane and anthracycline containing regimen with nontaxane containing regimens given in
combination or in sequence. These trials addressed the question of whether taxanes are
able to change the natural history of early stage breast cancer. The second generation
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trials included taxanes in all the arms in order to address whether sequential or simulta-
neous administration may offer more clinical benefit.

The Breast Cancer International Research Group Trial 001, an international phase
III study in 1491 patients with node-positive breast cancer, compared the combination
of TAC with FAC on a once every 3-wk schedule (93). The interim analysis at 33 mo
indicates that TAC is significantly superior to FAC resulting in an 8% absolute improve-
ment in the primary end point of DFS (82% vs 74%, p = 0.0011) for a relative risk of
0.68 (p = 0.001). Furthermore, in a prospectively defined subgroup analysis, women
with 1–3 positive nodes had an even lower relative risk of 0.50 (p = 0.0002). However,
patients with more than 4 positive nodes showed no significant difference in DFS (rel-
ative risk of 0.086; p = 0.33) or in OS.

Many additional adjuvant trials of docetaxel-based therapy in women with surgically
resectable breast cancer are ongoing or have just recently been completed with efficacy
data pending. These include the ECOG trial comparing four courses each of AC and AT
(doxorubicin/docetaxel) in patients with high-risk node negative breast cancer and in
those with 1–3 positive nodes. The study closed in 2001 after accrual of 3200 patients
and interim analyses are expected. The Breast Intergroup Trial (TAX 315) is comparing
docetaxel given in sequence or in combination with doxorubicin in more than 2700
node positive breast cancer patients. Another North American Intergroup Trial (E1199)
is addressing the use of taxanes in sequence after 4 courses of AC. The design allows
for comparison between paclitaxel and docetaxel in 3-weekly and weekly schedules.
Finally, the NSABP B-30 study is a three-arm study randomizing patients to AC for four
cycles followed by either four cycles of docetaxel (Arm 1) or four cycles of doxorubicin
plus docetaxel (Arm 2) or to docetaxel, doxorubicin and cyclophosphamide (Arm 3).
Results from all of these trials are pending.

3.3.1.5. Neoadjuvant Therapy of Early Stage Breast Cancer. Primary surgical treat-
ment of locally advanced breast cancer is associated with a high probability of local
recurrence and poor OS. Therefore, alternative therapeutic strategies are essential for
patients with locally advanced breast cancer (stages IIB, IIIA, and IIIB), and one such
approach is the use of neoadjuvant chemotherapy administered before surgical interven-
tion. In phase II studies, objective clinical responses to neoadjuvant chemotherapy are
as high as 90% although most studies report a lesser range of 70–75% (94). However,
less than one-half of these are clinical complete responses with pathological complete
responses being even rarer, typically less than 20% (95). Multiple clinical trials, with
OS and DFS as the primary end points, have evaluated breast cancer patients treated
with various combinations of chemotherapy given in the neoadjuvant and adjuvant set-
ting. Emerging data from most of these trials indicate no difference in survival end
points when neoadjuvant chemotherapy is compared with standard postoperative adju-
vant treatment (96,97).

The largest and most important trial addressing this issue is the NSABP B-18 study
(96). A total of 1523 patients with stage IIB and IIIA disease were randomized to
receive combination AC in either the adjuvant or neoadjuvant setting. The difference
between the two arms in terms of the DFS and OS was not statistically significant. An
important secondary observation was patients who achieved a pathological complete
response (pCR) with neoadjuvant treatment experienced longer DFS compared with
those who did not achieve pCR at the time of surgery.
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One important strategy to enhance the pCR rate in subsequent clinical trials has been
to add taxanes, particularly docetaxel, to the neoadjuvant treatment of patients with locally
advanced breast cancer. Nonrandomized phase II studies of neoadjuvant docetaxel-
containing chemotherapy reported highly favorable response rates of 88–100% and
clinical CR rate of 33%. As a consequence, several important randomized trials are in
progress to evaluate the role of docetaxel in combination with anthracycline-based
chemotherapy in patients with operable locally advanced breast cancer.

3.3.1.6. National Surgical Adjuvant Breast and Bowel Project B-27. The NSABP B-
27 trial was designed to determine whether the addition of docetaxel to AC would
improve DFS and OS (98). Additionally, this trial also assessed whether the addition of
preoperative docetaxel resulted in improved clinical and pathological response rates.
Overall, 2411 patients were enrolled and preoperative AC followed by docetaxel was
found to increase both the clinical and pathological response rates compared with pre-
operative AC alone. The clinical response rate increased from 85% to 91%, with the
complete response rate improving from 40% to 65%. More importantly, the pathologi-
cal response rate nearly doubled from 13.5% to 25.6% in patients with ER-positive and
ER-negative tumors. The median tumor size in this study was 4.5 cm in comparison
with 2.2 cm in the NSABP B-18. As B-27 involved eight cycles of therapy, there may
have been a selection bias to enroll higher-risk patients with larger tumors. Surprisingly,
the pathological response rate (~13%) for AC was the same in both trials, indicating that
tumor response to neoadjuvant chemotherapy is independent of size. The dfs and OS
analyses are awaited as follow-up is ongoing.

The NSABP B-27 data are corroborated by the results of a neoadjuvant trial of 913
operable breast cancer patients conducted by the German Adjuvant Breast Cancer
Group (GEPARDUO) (99). This study compared four cycles of concomitant dose-dense
AT (doxorubicin and docetaxel) with a sequentially administered regimen of doxoru-
bicin and cyclophosphamide for four cycles followed by four cycles of docetaxel (AC-T).
The sequential AC-T regimen was associated with a superior pCR rate (22.4% vs
11.5%) and objective response rate as well as a higher rate of breast-conserving surgery.

In a Scottish (Aberdeen) trial, 162 patients stage IIIA and IIIB breast cancer were
treated with four courses of neoadjuvant cyclophosphamide, vincristine, doxorubicin,
and prednisone (CVAP) (100). Patients whose tumors responded to therapy were then
randomized to receive 4 additional courses of CVAP using an increased dose of pred-
nisone, or 4 courses of docetaxel at 100 mg/m2. Patients whose tumors did not respond
to therapy were not randomized and were treated only with 4 courses of docetaxel.
Upon completion of all chemotherapy, responses were again assessed before surgical
intervention. In the patients whose tumors responded to CVAP, docetaxel resulted in
higher objective clinical response rates compared with CVAP (85% vs 64%, respec-
tively) with a similar increase in pathological response rates also observed (71% vs
57%, respectively). Furthermore, significantly higher rates of breast conservation were
achieved on the docetaxel arm (67% vs 48%, respectively). Docetaxel also offered an
apparent survival advantage at 5-yr of follow-up, even though this was not the primary
end point of this relatively small study.

In contrast to the previous study, the interim results of another neoadjuvant phase III
trial, the Anglo-Celtic Cooperative Oncology Group Trial, showed no benefit to using a
concomitantly administered docetaxel plus doxorubicin regimen instead of AC in the
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neoadjuvant setting (101). A total of 363 women with locally advanced breast cancer
were randomized in this study. At the time of analysis, there was a trend toward a higher
overall response rates (88% vs 78%) for AT and AC, respectively, (p = 0.11). However,
there were no differences in rates of pCR (8% vs 12 %, p = 0.26), relapse-free survival,
or OS. Follow-up continues, although these early results suggest that scheduling may be
important in affecting clinical outcomes (49).

Preclinical evidence of supra-additive interactions between paclitaxel and anti-HER-2
antibodies (102), formed the basis for a pivotal trial comparing the combination of
trastuzumab and paclitaxel with paclitaxel alone in patients with HER2-overexpressing
breast cancers (48). Impressively, the clinical data mirrored the laboratory findings with
the demonstration of improved OS, progression-free-survival, and response rate by the
combination arm. This landmark trial led to the evaluation of other taxane-based com-
binations such as docetaxel plus platinum derivatives, and trastuzumab in patients with
HER2-positive breast cancer. A second, two-arm, phase III study compared the combi-
nation of paclitaxel, carboplatin, and trastuzumab (TPC) with paclitaxel and
trastuzumab alone in patients with HER2-positive advanced breast cancer (103). The
TPC arm produced a superior response rate (52% vs 36%, p = 0.04) and time to tumor
progression (1.2 mo vs 6.9 mo, p = 0.007), relative to paclitaxel/trastuzumab (TP).
These promising results have led to the development and testing of several other doc-
etaxel, trastuzumab regimens including combinations with cisplatin (49).

3.3.2. LUNG CANCER

Two randomized studies conclusively demonstrated the utility of single agent doc-
etaxel in previously treated patients with NSCL cancer. In the TAX 317 trial, previously
treated lung cancer patients were randomized to either docetaxel 75 mg/m2 every 21 d
or the best supportive care (104). Initially, patients were treated with 100 mg/m2 of doc-
etaxel, but in this previously treated population, the incidence of severe febrile neu-
tropenia was unacceptable and taxane doses had to be decreased. Nonetheless, median
survival was significantly improved by chemotherapy from 4.6–7.0 mo (p = 0.010).
Quality of life parameters were also superior and at the lower dose of 75 mg/m2 of doc-
etaxel, and overall toxicities were felt to be tolerable.

A three-arm randomized study treated patients with docetaxel at 100 mg/m2 (Arm 1),
docetaxel 75 mg/m2 (Arm 2), or either vinorelbine 30 mg/m2/weekly or ifosfamide 
2 g/m2 × 3 d every 3 wk (both grouped as Arm 3). All patients had previously received
at least one line of chemotherapy for advanced NSCL cancer (105), and some patients
had been treated with multiple previous treatment regimens. Overall, the 11% response
rates generated by the 100 mg/m2 of docetaxel in Arm 1 was superior to the 6% and 1%
response rates seen in Arms 2 and 3, respectively. Median survival was not different for
any treatment, but 1 yr survival was significantly better with values of 32%, 32%, and
10% for the 100 mg/m2 docetaxel, 75 mg/m2 docetaxel, and the vinorelbine/ ifosfamide
arms, respectively. In general, the lower dose Arm 2 of 75 mg/m2 of docetaxel was
favored slightly by the investigators because of its better tolerability than the higher doc-
etaxel dose level. A very interesting subgroup analysis examined the outcome of docetaxel-
treated patients who had received previous paclitaxel chemotherapy. Overall, 31% of 
the patients on the high-dose docetaxel arm and 42% of the patients in the low-dose 
docetaxel regimen had a history of previous paclitaxel therapy; however, response rates,
median survivals, and 1 yr survivals were unaffected by previous paclitaxel therapy.
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Thus, docetaxel is an active regimen even in patients whose tumors were previously
exposed to paclitaxel chemotherapy. This strongly supports docetaxel’s use in the 
second line setting in NSCL cancer patients even after treatment with front-line 
paclitaxel chemotherapy.

In untreated patients with advanced lung cancer, docetaxel has clear single-agent
activity, similar to paclitaxel. In a randomized phase II trial, 200 patients with advanced
NSCL cancer were treated with either docetaxel 100 mg/m2 every 3 wk or with the best
supportive care (106). One-year survival favored docetaxel chemotherapy (25% vs
16%) and at two yr the difference was 12% vs 0%. Despite more chemotherapy related
side effects, the quality life assessment significantly favored the docetaxel arm.

Most initial treatment regimens for NSCL cancer patients now favor combination
chemotherapy and several studies have examined docetaxel paired with other agents as
initial front line treatment. Fossella and colleagues (107) randomized 1218 patients with
untreated advanced NSCL cancer to three different therapies in the TAX 326 trial: doc-
etaxel 75 mg/m2 plus cisplatin 75 mg/m2 every 21 d; docetaxel 75 mg/m2 plus carbo-
platin at an AUC of 6 also every 21 d; or a nontaxane doublet consisting of vinorelbine
25 mg/m2 plus cisplatin 100 mg/m2 every 28 d. Overall response rates were significantly
better for the docetaxel–cisplatin treatments compared with the nontaxane vinorelbine–
cisplatin treatment arm (31.6% vs 24.5%, respectively, p = 0.029) and median survival
was also significantly improved (11.3 vs 10.1 mo, respectively, p = 0.044). In this study,
the two docetaxel arms were not directly compared; however, the docetaxel–carboplatin
arm was not statistically better than the inferior vinorelbine plus cisplatin therapy in
terms of response rates and median survival. Overall toxicities were not significantly
different and formal quality of life assessments favored the docetaxel treatments. Thus,
clear advantages were observed for the docetaxel combination over a nontaxane combi-
nation in this study.

As previously mentioned in the discussion on paclitaxel in lung cancer, the ECOG
1594 trial compared four chemotherapy doublets in advanced NSCL cancer patients
(paclitaxel/cisplatin, paclitaxel/carboplatin, gemcitabine/cisplatin, and docetaxel/cis-
platin), and found no differences in any efficacy end point. Thus, several large random-
ized studies in untreated advanced NSCL cancer patients support the use of docetaxel
plus cisplatin chemotherapy. Currently, in the United States, regulatory approval has
been granted to docetaxel and cisplatin as initial front-line therapy for patients with
advanced NSCL cancer. However, clear evidence suggesting an advantage of this regi-
men over paclitaxel plus carboplatin in this setting is lacking. In the North America,
most medical oncologists favor use of a paclitaxel and carboplatin as initial therapy for
advanced NSCL cancer, with docetaxel reserved for second-line therapy. In the United
States, docetaxel also has regulatory approval as single-agent chemotherapy for use in
the second-line setting after previous platinum-based chemotherapy.

3.3.3. PROSTATE CANCER

Clinical progress in developing effective chemotherapeutic regimens for the treat-
ment of advanced hormone refractory prostate cancer has been frustratingly slow (108).
After many years of negative studies, the demonstration of a modest clinical benefit for
mitoxantrone and glucocorticoids led the US FDA to approve this regimen for the treat-
ment of patients with hormone refractory prostate cancer. Early promising results from
nonrandomized clinical trials of docetaxel in this disease led the to conduct of several
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large randomized phase III trials testing the utility of docetaxel-based chemotherapy in
advanced prostate cancer (109). The Southwest Oncology Group (SWOG) trial 9916
randomized 770 patients with advanced hormone refractory prostate cancer to receive
docetaxel at 60 mg/m2 and estramustine 280 mg/d for 5 d or mitoxantrone 12 mg/m2

and prednisone every 21 d (110). OS was the primary end point and in 338 patients
treated with the taxane combination, median survival was 17.5 mo in contrast to the
15.6 mo seen in the 336 patients treated with mitoxantrone and steroids (p = 0.02). Time
to tumor progression was also better for the docetaxel combination (6 mo vs 3 mo,
p < 0.01). However, neutropenia, nausea and vomiting, and cardiovascular events such
as stroke, myocardial infarction, or thrombosis were significantly more common for the
docetaxel–estramustine combination.

A second study (TAX 327) compared three different regimens in hormone refractory
patients and used survival as the major end point (111). All three treatment arms included
5 mg of prednisone given twice daily; however, the chemotherapy component consisted
of docetaxel 75 mg/m2 every 21 d; weekly docetaxel at 30 mg/m2/wk given for 4 out of
every 6 wk; or mitoxantrone 12 mg/m2 repeated every 21 d. Consistent with the earlier
SWOG study, a significant survival advantage was seen when docetaxel every 3 wk was
compared with the mitoxantrone regimen (18.9 vs 16.5 mo, p = 0.009). However, the
weekly docetaxel arm’s median survival of 17.4 mo was not significantly better than the
control mitoxantrone regimen (p = 0.36). Serious neutropenia, alopecia, diarrhea, neu-
ropathy, and peripheral edema were significantly more common with every 3 wk doc-
etaxel; however, decrements in left ventricular cardiac function were more common with
mitoxantrone therapy. Nonetheless, despite the modest increase in toxicities, the overall
palliation of cancer related pain and quality of life assessments were significantly better
for both docetaxel regimens compared with the mitoxantrone therapy.

Both of these studies suggest that docetaxel has clinically meaningful activity in the
treatment of patients with hormone refractory prostate cancer. The different docetaxel
arms used in these studies (docetaxel/estramustine and docetaxel/prednisone) have not
been directly compared; however, given the across study comparable survival end
points, most oncologists are favoring the more tolerable docetaxel and prednisone reg-
imen, thereby avoiding the toxicities of estramustine. The US FDA has approved doc-
etaxel in combination with prednisone for the treatment of patients with advanced
prostate cancer (108). Ongoing studies in this disease are now exploring other docetaxel
combination therapies in an attempt to improve on this active regimen (109).

3.3.4. OTHERS TUMORS

Similar to paclitaxel, docetaxel also has a broad spectrum of antitumor activity.
Although the clinical benefit of docetaxel chemotherapy in the following diseases has
not been fully characterized, docetaxel-induced objective responses have been reported
in tumors such as head and neck cancer (112), gastric (113,114), esophageal (114), non-
Hodgkin’s lymphoma (115), ovarian (114), and bladder cancers (116).

4. CONCLUSIONS

The clinical development of the taxanes at the end of the 20th century represents a
major advance in the clinical treatment of solid tumors. Their broad range of activity and
predictable toxicity profile has led to their widespread use in the palliative treatment of a
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wide range of tumors, both as single agents and in combination chemotherapy regimens.
Further refinements in their use will involve formulation advances such as nanoparticle
technology, and improvements in drug delivery systems such as the development of high
molecular weight conjugates. Further, taxanes derivatives with unique properties such
as of the ability to avoid P-glycoprotein-mediated multidrug resistance and high-oral
bioavailability are already in clinical development. Thus, in the near future the utility of
this class of agents is likely to continue to expand and benefit a wider range of patients
with malignant neoplasms.
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SUMMARY

This chapter summarizes the preclinical and clinical development to date of inves-
tigational anticancer agents whose mechanism of action is thought to be via direct
interaction with tubulin or microtubules. All of the compounds discussed are agents
discovered or derived from screening natural materials for anti-cancer activity. The
underlying theme for pursuit of these agents is that tubulin is a validated anticancer
target and that novel interactions between new chemical entities and tubulin may over-
come resistance, increase therapeutic index, or alter the spectrum of clinical utility
against different cancer types. 

Key Words: Epothilone; dolostatin; colchicine; investigational agents.

1. INTRODUCTION

Agents targeting the microtubule have been available in the clinic for more than four
decades. Vinca alkaloids, originating from the periwinkle plant, were widely tested in
the clinic during the 1960’s, and a decade later were incorporated into a number of com-
bination chemotherapy regimens that are still in use today. The four major vinca alka-
loids approved for use in various parts of the world are vincristine, vinblastine,
vinorelbine, and vindesine. Owing to the unusually diverse spectrum of antitumor
effects seen with this class, the vinca alkaloids remain in use as first- and second-line
agents against a variety of malignancies. The nonclinical development of the taxanes
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began in the 1960s as well. Because of difficulties in the isolation and purification of
paclitaxel from the bark of the Pacific yew tree, it was not until the early 1990s that
paclitaxel was widely studied in the clinic. Docetaxel, a semisynthetic taxane, became
available for clinical use soon thereafter. Like the vinca alkaloids, taxanes have a diverse
spectrum of activity, although the uses of these two classes in the clinic are divergent.
Whereas both the vinca alkaloids and taxanes are natural products that bind tubulin,
their molecular mechanisms and clinical spectra of efficacy differ in many ways. The
tubulin binding sites of each are distinct; vinca alkaloids inhibit microtubule het-
erodimer polymerization, whereas taxanes stabilize the polymer. However, at low con-
centrations, both classes of agents can decrease the turnover rate, or “treadmilling,” of
the tubulin heterodimers through microtubules.

There is little additional knowledge about the association between the site of tubulin
binding, effect on microtubule dynamics and polymerization, and the ultimate clinically
relevant anticancer effects of these agents. Is the relationship between altered micro-
tubules and induction of apoptosis the most relevant? Or is suppression of antiapoptotic
molecules paramount? How does modulation of microtubule dynamics of tumor-
associated endothelial cells contribute to these agents’ anticancer activity? Why are
these agents cancer specific? Whereas there are data that buttress one hypothesis or
another, the link between the primary site of action at the microtubule and ultimate anti-
cancer activity remains poorly understood. By extension, the link between the type of
effect on the microtubule and spectrum of anticancer activity of a particular compound
is perplexing. Therefore, drug discovery and development of agents directed against the
microtubule remains empiric. It is no accident that the compounds discussed in this
chapter are either natural products or their analogs. Investigators continue to rely on the
creativity of evolution, which has provided a diversity of compounds that can screen for
activity against this target. Pending a better comprehension of the process resulting in
relatively selective anticancer (versus normal tissue) toxicity of these agents, and further
understanding of the mechanism enabling each of these agents to have a unique clini-
cally useful spectrum of activity, the investigational antimicrotubule agents in clinical
trials are likely to share only two features. They will act on the microtubule, and they
will be discovered by drug screening of molecular libraries mostly populated by the
largess of nature.

Many of the agents discussed in this chapter exist naturally in some of the most iso-
lated parts of the planet, in minute quantities, and in a highly impure form. A recurrent
theme in drug development is the process of screening, isolation, purification, and syn-
thesis of a lead drug candidate, which subsequently is subject to preclinical efficacy and
toxicology evaluations. Despite extensive preclinical research, antimicrotubule agents
continue to enter the clinic lacking adequate information concerning the relative likeli-
hood of efficacy in a particular cancer type, which would allow clinical development
targeted toward a particular tumor type, or with a specific molecularly defined pheno-
type. Therefore, phase one evaluation is usually a generic study of the human pharma-
cology of these agents, whereas phase two testing is necessarily broad, across many
different schedules and tumor types. The extent of clinical testing may be primarily a
result of business decisions concerning the identification of a potential registration
niche. Without scientific rationale for pursuit of particular tumor types, there is usually
no justification for restricted clinical evaluation.
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2. EPOTHILONES

The epothilones, a relatively new class of nontaxane tubulin polymerization agents,
were obtained from the fermentation of the cellulose-degrading myxobacteria
Sorangium cellulosum. German investigators reported the isolation of epothilones with
antifungal and cytotoxic activity from the culture broth of S. cellulosum and elucidated
the structure of epothilones A and B (Epo B, Fig. 1), which differ only by the presence
or absence of a methyl group at the trisubstituted epoxide moiety (2,3). Epothilones C,
D (Epo D, 12,13-desoxyepothilone B, Fig. 1), E, and F were originally obtained as
minor components in the fermentation process. As a result of ongoing efforts by numerous
academic and industrial research groups, the parent compounds and their biologically
active analogs were prepared by one or a combination of the following methods: fer-
mentation, biosynthesis, biotransformation, total synthesis, semisynthesis, and combi-
natorial synthesis (1). The key difference between BMS-247550 and epothilone B is the
replacement of the macrolide ring oxygen atom with a nitrogen atom to give the corre-
sponding macrolactam.

Epothilones have a mechanism of action analogous to taxanes, i.e., the stabilization
of microtubules through polymerization of tubulin, resulting in mitotic arrest at 
the G2/M transition in the cell cycle (4,5). Epothilones compete for the same tubulin-
binding site as paclitaxel, but demonstrate significant antitumor activity in taxane-
resistant models. To date, epothilones B (EPO 906) and D (KOS 862) and two
epothilone B analogs, BMS-247550 and BMS-310705, have been evaluated in human
cancer clinical trials. The preliminary safety and efficacy data from some of these trials
are described later.
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2.1. EPO 906 (Epothilone B, Patupilone)
EPO 906 (Fig. 1) is being clinically developed by Novartis. Two phase 1 trials have

evaluated EPO 906 administered as an intravenous (IV) infusion on a weekly (6) or
every-21-d (q3w) schedule (7) in patients with advanced solid tumors. On the q3w
schedule, the first six dose levels of EPO 906 were administered as a 30-min infusion
and subsequent dose levels as a 5–10-min infusion. The starting dose of EPO 906 is
0.3 mg/m2 in both trials. Diarrhea was dose limiting on the weekly schedule (6 wk on/3 wk
off), experienced by 3/5 patients treated at 3.6 mg/m2 and 3/9 patients at 3 mg/m2. With
a further dose reduction to 2.5 mg/m2, 1/14 patients experienced dose-limiting toxicity
(DLT), and this dose was chosen as the maximum-tolerated dose (MTD). As the severity
of the diarrhea often peaked on the fourth wk of treatment, the schedule was changed
to 3 wk on/1 wk off with a starting dose of 2.5 mg/m2, which was the MTD for this
schedule as well. Other adverse events (AEs) on the weekly schedule included nausea
(44%), fatigue (31%), and vomiting (31%). Hemtological AEs were minimal (grade 3/4
anemia, thrombocytopenia, neutropenia, and leukopenia in 8, 1, 1, and 1% of patients,
respectively). Diarrhea was dose limiting at 8 mg/m2 on the q3w schedule. Other AEs
on this schedule included grade 3 fatigue (n = 4) and nausea/vomiting (n = 2), and grade
2 peripheral neuropathy (n = 3).

Antitumor activity of EPO 906 was seen in both trials. Three partial responses
(PRs; breast, endometrial, ovarian) and 31 stable disease (9/17 ovarian patients,
median duration 16.3 wk) were reported in 60 patients on the weekly schedule. On the
q3w schedule, 1 PR (unknown primary), 11 stable diseases and four significant responses
(though not reaching criteria for a PR; one breast, three colorectal) have been reported in
36 evaluative patients. Another phase 1 study is evaluating EPO 906 in patients with
advanced colon cancer, using three different schedules: q3w as an IV bolus on day 1;
continuous 24-h IV infusion (CIV) on day 1; and 16-h CIV on days 1–5 (8). The start-
ing dose is 6.5 mg/m2. Of 24 enrolled patients, 13, 8, and 3 patients recieved EPO 906
by these three schedules, respectively. The most common AEs were diarrhea (42%),
asthenia (17%), and abdominal pain (13%). No dose-limiting diarrhea was reported on
the day 1 IV bolus schedule, whereas 2/3 patients on the days 1–5 16-h CIV experienced
grade 3 dose-limiting diarrhea. Stable disease was observed in 12 patients mainly on the
day 1 bolus IV and the 24-h CIV schedules, including 2 patients with a minor response.
These data suggest that the bolus dosing q3w is tolerated better by these patients.

Preliminary pharmacokinetic studies of EPO 906 performed in these trials demon-
strate multiphasic clearance with long terminal half-life (t1/2) of approx 3.5 d. On the
weekly schedule, urinary excretion of EPO 906 was negligible. On the q3w schedule,
elimination of EPO 906 was mainly nonrenal, total body clearance was approx 200
mL/min, and volume of distribution at steady state (Vdss) was approx 1000 L.

Two phase 1/2 studies are evaluating EPO 906 in ovarian and nonsmall cell lung
cancer (NSCLC). In the ovarian study patients recieve EPO 906 IV once q3w starting
at 6.5 mg/m2, and the MTD has not yet been reached at 10.5 mg/m2. Of 19 patients eval-
uated for response, one complete response (CR), one PR, and seven stable diseases were
observed. In the NSCLC study, EPO 906 is administered by the same dose and schedule
as the ovarian study, and the MTD has not yet been reached at 11.5 mg/m2. DLTs were
observed at 7.5 mg/m2 (one patient with grade 3 asthenia), and one patient each experi-
enced grade 3 diarrhea at 8 and 8.5 mg/m2. Only nine patients had grade 3 AEs of any
kind. Four PRs were observed in 39 patients.
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These results prompted additional trials of EPO 906. All trials are evaluating EPO
906 administered as a 5-min IV infusion on a weekly ×3 q4w or q3w schedules. On the
weekly ×3 q4w schedule, EPO 906 has been administered at 2.5 mg/m2 to 53 patients
with advanced epithelial renal cell carcinoma who have had a nephrectomy (9). Grade
4 septic shock was reported in one patient. Grade 3 nonhematological AEs included
diarrhea, asthenia, and anemia. In addition, the investigators reported grade 3 neuropa-
thy in 2/15 patients who completed more than six cycles of EPO 906. Three PRs
(median duration 4 mo), and 23 stable diseases after four cycles of therapy (durations
from 8 to 48 wk) have been reported in 52 evaluative patients. Two other phase 2 trials
have evaluated 2.5 mg/m2 EPO 906 on the weekly ×3 q4w schedule or 6 mg/m2 EPO
906 on the q3w schedule in patients with advanced colorectal cancer (10). No differ-
ences in toxicity between the two regimens were reported in 96 patients evaluative in
both trials. Grade 3/4 diarrhea was reported in 29% of patients. Other grade 3 AEs
included dehydration (8%), nausea (5%), vomiting (5%), and one case of thrombocy-
topenia. One PR and six stable diseases were reported in 47 evaluative patients on the
weekly schedule. Three PRs and one stable disease were reported in 44 evaluative
patients on the q3w schedule.

Two combination phase 1B trials have evaluated EPO 906 in combination with car-
boplatin in patients with advanced malignancies (11). In one study, EPO 906 was
administered to 26 patients as a 5-min IV infusion at doses of 0.5–2.5 mg/m2 on the
weekly ×3 q4w schedule, immediately followed by carboplatin administered as a 30-min
IV infusion, AUC = 2. DLTs included diarrhea (n = 2) and paresthesias (n = 1) in 
12 patients treated at the 2.5 mg/m2 dose level (defined as the MTD). Grade 4 AEs
included one case each of eye pain, hyponatremia, respiratory failure, and increased
lipase. Grade 3 AEs included neutropenia in one patient at each dose level, suggesting
that it may be unrelated to the drug, and hypersensitivity to carboplatin in one patient
with a previous reaction to carboplatin. One minimal response in a patient with ovarian
cancer and eight stable diseases were reported in 13 evaluative heavily pretreated
patients. In another study, EPO 906 was administered as a 5-min IV infusion at doses
of 3.6–6 mg/m2 on the q3w schedule, immediately followed by carboplatin adminis-
tered as a 60-min IV infusion AUC = 5 or 6 to 37 patients (70% of whom had platinum-
sensitive relapsed ovarian cancer). The MTD of EPO 906 in combination with
carboplatin AUC = 6 was 4.8 mg/m2. The most common AEs included diarrhea (84%),
fatigue (68%), nausea (60%), and vomiting (43%). Eight patients had CR or PR and
three had stable disease in 21 evaluative patients.

2.2. BMS-247550 (Epothilone B Aanalog, Ixabepilone)
BMS-247550 (Fig. 1) is being clinically developed by Bristol-Myers Squibb in col-

laboration with the National Cancer Institute. Phase 1 clinical trials are evaluating
schedules similar to those used with EPO 906. As BMS-247550 is formulated with
Cremophor®EL, hypersensitivity reactions have occurred with IV administration of this
drug on various schedules (12,13). Therefore, all patients are given 50 mg diphenhy-
dramine (or its equivalent) IV and 50 mg ranitidine (or its equivalent) IV 30 min before
BMS-247550 infusion.

Several phase 1 single-agent trials have evaluated BMS-247550 doses ranging from
7.4 to 65 mg/m2 administered as a 1-h infusion on the q3w schedule. The MTD of BMS-
247550 on this schedule is 40–50 mg/m2 (13–17). Neutropenia and neuropathy were
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dose limiting in all trials. Other reported grade 3/4 AEs included fatigue, emesis,
arthralgia, and myalgia. Antitumor activity seen among 22 patients treated at 50 mg/m2

and more includes one CR (ovarian post paclitaxel) and three PRs (NSCLC post-tax-
otere, melanoma in two patients) (13). On another trial, 3/15 patients had minor
responses (colon, lung, and melanoma) (17). In addition, responses in taxane-refractory
breast cancer (three PRs and one minor response), endometrial cancer (one PR and one
minor response), ovarian cancer (one minor response), and melanoma (one minor
response) have been reported (15).

Two phase 1 single-agent trials have evaluated BMS-247550 doses ranging from 1 to
30 mg/m2 administered once weekly in patients with advanced cancer (18,19). The
MTD of BMS-247550 administered as a 30-min infusion was 25 mg/m2 (20). Fatigue
was dose limiting in both trials, whereas neutropenia (>5 d) was dose limiting in heavily
pretreated patients in one study only (18,19). Other grade 3 AEs included arthralgia and
myalgia. As cumulative sensory neuropathy was also observed in both trials, treatment
schedules were changed from continuous weekly infusions to a 1-h infusion given
weekly ×3 q4w. Promising antitumor activity was seen in both trials. One study reported
three PRs (ovarian, colorectal, head, and neck) at 25 mg/m2 and >50% decrease
in tumor markers (three patients with breast and one patient with ovarian cancer) at 
20 mg/m2 (18). Another study reported a minor response in a heavily pretreated patient
with melanoma, and tumor marker decrease in three taxane-refractory ovarian cancer
patients and one prostate cancer patient (19). BMS-247550 was shown to be orally
bioavailable (F ~53%) (12).

Several phase 1 single-agent trials evaluated BMS-247550 doses ranging from 1.5 to
10 mg/m2 administered as a 1-h infusion daily ×5 on the q3w schedule. The MTD 
and recommended phase 2 dose (RP2D) of BMS-247550 without granulocyte colony
stimulating factor (GCSF) support is 6 mg/m2/d (21–23). Neutropenia was dose limiting
at 8 mg/m2/d without GCSF. Other grade 3 AEs included fatigue, anemia, abdominal
cramping, arthralgias, neuropathic pain, stomatitis, and anorexia. PRs were reported in
five patients (two with taxane-pretreated breast cancer, two with taxane-pretreated
cervical cancer, and one with taxane-naïve basal cell carcinoma). An additional 3/14
patients with paclitaxel-pretreated ovarian cancer had more than 50% decrease in
CA125. The mean terminal t1/2 was 16.8 ± 6 h, the Vdss was 798 ± 375 L, and the clear-
ance was 712 ± 247 mL/min (21) on this schedule. This study was amended to establish
the RP2D for a daily ×3 q3w schedule with a starting dose of 10 mg/m2 (24,25). As 3/6
patients treated at this dose level developed grade 4 neutropenia, the dose was reduced
to 8 mg/m2/d, and was escalated to 10 mg/m2/d in the second cycle for 10/15 patients.
Nine of these 10 patients tolerated this dose and experienced no DLTs. Hematological
grade 3/4 AEs included neutropenia and thrombocytopenia, and nonhematological
grade 3/4 AEs included fatigue, vomiting, nausea, mucositis, hyponatremia, ileus, emesis,
and anorexia. There were no objective responses on this schedule, although three
patients previously treated with taxol experienced stable disease (renal cell carcinoma,
28 mo; ovarian carcinoma, 14 mo; primary peritoneal mesothelioma, 7 mo). The RP2D
of BMS-247550 was established as 8 mg/m2/d ×3 q3w with escalation to 10 mg/m2/d
on subsequent cycles if tolerated. In a pediatric study, the MTD was exceeded at a dose
of 10 mg/m2/d administered to children with refractory solid tumors, with DLTs of
neutropenia and fatigue (26). The 8 mg/m2/d dose level was expanded, and data are
pending. Five patients on this study had stable disease for a median of five cycles. The
PK parameters in this pediatric study were similar to adult values.
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Preliminary results are available for phase 1 and 1/2 trials evaluating BMS-247550
in combination with carboplatin, estramustine phosphate (EMP), or gemcitabine. In a
phase 1 combination trial, 30 patients with advanced solid malignancies were treated
with 30 mg/m2 and 40 mg/m2 BMS-247550 (1-h infusion) and carboplatin (AUC = 5
and 6; 30-min infusion starting 30 min after completion of the BMS-247550 infusion)
administered IV q3w (27). DLTs included febrile neutropenia and thrombocytopenia in
one patient, and neutropenia and diarrhea complicated by a cardiac event in another
patient at 40 mg/m2 BMS-247550 and carboplatin AUC = 6. In addition, one case of
dose-limiting motor neuropathy was observed at 30 mg/m2 BMS-247550 and carbo-
platin AUC = 6. The investigators attributed the unexpected myelotoxicity to an approx
20% increase in carboplatin AUC. Major nonhematological AEs were myalgia 4 d
post-treatment and cumulative peripheral sensory neuropathy in patients receiving.
three cycles. Three PRs in patients with breast, neuroendocrine, and unknown primary
adenocarcinomas have been reported. In a phase 1/2 combination trial, chemotherapy-
naïve patients with metastatic prostate cancer were treated with 35–40 mg/m2 BMS-
247550 administered IV q3w and 280 mg estramustine (EMP) given orally 3 times a
day for 5 d q3w (28,29). In the phase 1 part, 3/6 patients experienced grade 3/4 neu-
tropenia, and one patient had grade 3 nausea at 40 mg/m2. Eleven of twelve evaluative
patients achieved a more than 50% post-therapy decline in prostate specific antigen
(PSA). In addition, seven patients had CRs and three had PRs. In the phase 2 part,
patients were randomized to arm A (35 mg/m2 BMS-247550, 3-h IV on day 1, q3w) or
arm B (35 mg/m2 BMS-247550, 3-h IV on day 2, q3w + 280 mg oral EMP given 3 times
a day on days 1–5 + 2 mg coumadin daily) (28). Preliminary data from this study indicate
that in arm A (BMS-247550 alone), 18/32 patients had a more than 50% decline in PSA
and 6/26 had PRs, whereas in arm B (BMS-247550 + EMP) 22/32 patients had a more
than 50% decline in PSA and 8/18 had PRs. Grade 3/4 AEs in both arms included
mainly febrile neutropenia, neuropathy, and thrombosis. In a phase 1 study of BMS-
247550 and gemcitabine in patients with solid tumors BMS-247550 was administered
over 3 h on day 8 with gemcitabine infused over 90 min on days 1 and 8 q3w (30). The
MTD was determined at 20 mg/m2 BMS-247550 and 900 mg/m2 gemcitabine. No
objective responses were observed. However, two patients with ovarian cancer had a
more than 50% decrease in their CA125.

Antitumor activity seen on phase 1 trials of BMS-247550 prompted initiation of
phase 2 trials using 50 mg/m2 BMS-247550 administered as a 1-h IV infusion on the
q3w schedule. Two phase 2 studies enrolled patients with taxane-refractory or taxane-
naïve metastatic breast cancer (31). Grade 3 AEs in seven evaluative taxane-refractory
patients included fatigue, sensory neuropathy, proctitis, stomatitis/pharyngitis, thrombo-
cytopenia, and neutropenia. Grade 3 AEs in 19 evaluative taxane-naïve patients included
fatigue, myalgia/arthralgia, sensory neuropathy/neuropathic pain, dyspnea, diarrhea,
amenorrhea, reversible myocardial ischemia, and febrile neutropenia. Seven out of six-
teen patients experienced grade 4 neutropenia. Ten PRs and eight stable diseases were
reported in 19 evaluative patients with taxane-naïve breast cancer, and two PRs and
three stable diseases were reported in seven evaluative patients with taxane-refractory
breast cancer. In order to reduce cumulative neurotoxicity and improve the therapeutic
index, both studies were amended to a regimen of 40 mg/m2 over 3 h q3w. Sixty-five
patients with metastatic breast cancer previously treated with an anthracyclin were
enrolled on this amended schedule (32). Grade 3/4 neutropenia occurred in 24% of 38
evaluative patients. Grade 3/4 nonhematological AEs occurred in 44% of patients and
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included myalgia (11%), arthralgia (5%), and fatigue (5%). Grade 3 neuropathy
occurred in 16% of patients compared with 37% of patients on the 50 mg/m2 over-1-h
schedule. Twenty-seven PRs have been reported in 61 evaluative patients (32). An
additional 49 patients with taxane-resistant metastatic breast cancer, who were also
previously treated with an anthracyclin, were enrolled on another study with 40 mg/m2

BMS-247550 administered over 3 h q3w (33). Grade 3/4 neutropenia and thrombocy-
topenia occurred in 57% and 8%, respectively, of 49 patients. Grade 3/4 nonhematological
AEs other than fatigue and neuropathy were minimal. Grade 3 sensory neuropathy
occurred in 12% of patients compared with 25% of patients on the 50 mg/m2 over-1-h
schedule. Six PRs have been reported in 49 evaluative patients. A phase 2 study in
patients with gynecological and breast cancer used a BMS-247550 dose of 40 mg/m2 as
a 1-h IV q3w (34). Two PRs were observed in 17 taxane-pretreated gynecological
cancer patients (1/14 ovarian, 1/3 endometrial primaries), and 4 PRs were observed in
13 taxane-pretreated breast cancer patients. Neutropenia and neuropathy were the most
frequent AEs. Another study in breast cancer patients administered BMS-247550 at 
6 mg/m2 daily ×5 q3w (35). Grade 3/4 AEs included neutropenia (32%), febrile neutro-
penia (10%), thrombocytopenia (5%), fatigue (15%), diarrhea (12%), nausea/vomiting
(5%), constipation (2%), myalgia/arthralgia (2%), and sensory neuropathy (2%; all
grades 40%). Of 30 evaluative patients previously treated with taxane, six PRs were
observed, and 4 PRs were observed in eight evaluative taxane-naïve patients.

Patients with metastatic renal cell carcinoma received BMS-247550 at 6 mg/m2

daily ×5 q3w (36). Four PRs were confirmed in 30 patients, and an additional five
patients have had minor or mixed reponses. Several post-translational modifications
on α-tubulin, such as removal of the C-terminal tyrosine and exposure of glutamic
acid as the new C-terminal residue, have been shown to correlate with the extent of
microtubule stability.

A phase 2 study evaluated BMS-247550 in patients with NSCLC previously treated
with one platinum-based regimen for recurrent or metastatic disease (37). The most
common grade 3 nonhematological AEs in 25 evaluative patients included fatigue
(20%), and sensory neuropathy/neuropathic pain (20%). Grade 3/4 hematological AEs
included febrile neutropenia (10%), neutropenia (50%), and thrombocytopenia (9%).
Four PRs were reported in 22 evaluative patients. In order to reduce cumulative neuro-
toxicity and improve the therapeutic index, the study was amended to a randomized
comparison of 40 mg/m2 over 3 h q3w, vs 6 mg/m2 administered daily 5 times over 1 h
q3w. Eighteen patients were treated at 40 mg/m2 BMS-247550 administered as a 3-h IV
infusion, but owing to the frequency of mucositis and neutropenia, 78 subsequent
patients were treated at 32 mg/m2 (38). At this dose level, grade 3/4 AEs included neu-
tropenia in 20/76 patients, febrile neutropenia in 7/76 patients, sensory neuropathy in
3/76 patients, and grade 3 fatigue in 4/76 patients. In addition, two cases each of grade
3 arthralgia and thrombocytopenia, and one case each of grade 3 myalgia and vomiting
were reported. One CR and nine PRs in 76 patients were observed. Median time to pro-
gression (TTP) was 1.5 mo. Seventy-four patients were treated at 6 mg/m2 BMS-
247550 administered daily ×5. Grade 3/4 AEs included neutropenia in 10/69 patients
and febrile neutropenia in 3/69 patients, and grade 3 AEs included fatigue in 6/69
patients, sensory neuropathy in 4/69 patients, and vomiting in 3/69 patients. In addition,
one case each of grade 3 myalgia and thrombocytopenia were reported. One CR and six
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PRs in 69 patients were reported. Median time to progression (TTP) was 2 mo. In 21
patients with metastatic gastric cancer previously treated with one taxane-based
chemotherapy regimen, grade 3/4 AEs included fatigue (43%), anorexia (29%), nau-
sea/vomiting (24%), sensory neuropathy/neuropathic pain (14%), myalgia/arthralgia
(10%), abdominal pain/cramping (10%), diarrhea (5%), febrile neutropenia (5%), and
neutropenia (40%) (39). Two PRs and nine stable diseases were reported in 20 evalua-
tive patients.

Thirty-one patients with metastatic and unresectable soft tissue sarcomas were
treated with BMS-247550 at 50 mg/m2 q3w. Twenty-five patients (80%) had grade 3
treatment-related AEs (40). Of these, 19 patients had grade 3 nonhematological AEs.
Grade 3/4 neutropenia and leukopenia occurred in 74% patients. One grade 5 AE (aspi-
ration pneumonia resulting in death), which was assessed as not related to BMS-
247550, was reported. Twenty-seven percent of patients went off study owing to toxicity
(mainly neurotoxicity). Two PRs (one confirmed) and 18 stable diseases were reported
in 31 patients. Time to treatment failure was short, with a median of 57 d.

Two patients with advanced colorectal cancer refractory to irinotecan/5-fluorouracil/
leucovorin were initially administered 50 mg/m2 BMS-247550 as a 1-h IV infusion on
the q3w schedule (41). Significant peripheral neuropathy in other studies led to a dose
reduction to 40 mg/m2 BMS-247550 administered as a 3-h IV infusion on the q3w
schedule in 23 additional patients. Grade 3/4 AEs included neutropenia (48%), leukope-
nia (36%), peripheral neuropathy (20%), neutropenic fever (4%), and hypersensitivity
reaction (8%). No objective responses were reported in 23 evaluative patients. Median
TTP was 11 wk, and median survival was 38 wk.

In patients with hepatobiliary cancer (unresectable or advanced hepatocellular carci-
noma [HCC], gallbladder carcinoma, and cholangiocarcinoma), BMS-247550 was
administered at 40 mg/m2 as a 3-h IV infusion on the q3w schedule (42). Grade 3/4 AEs
included neutropenia (53%), anemia, febrile neutropenia, fatigue, arthralgia, transami-
nase elevation, dyspnea, stomatitis, and hypersensitivity (6% each). An unexpected
patient death 48 h after the first BMS-247550 administration was assessed as possibly
drug-related. Two PRs in patients with HCC and metastatic gallbladder carcinoma
lasting for 4 and 4.7 mo, respectively, were reported in 12 evaluative patients. Median
survival was 5.7 mo, and progression-free survival (PFS) was 4.3 mo. A study in patients
with advanced pancreas cancer using the same schedule reported four confirmed and
nine unconfirmed PRs in 54 patients (43). The most common grade 3/4 AEs were neu-
tropenia, leukopenia, nausea, vomiting, neuropathy, and fatigue. Patients with stage IV
malignant melanoma were treated with BMS-247550 at 20 mg/m2 by 1-h infusion
weekly ×3 q4w (44). No responses were seen in either untreated or previously treated
patients. Median TTP was 8 wk.

When viewed in aggregate, the experience in phases 1 and 2 trials with BMS-247550
to date suggests that reversible bone marrow suppression and cumulative neurotoxicity
are the primary DLTs for this agent. Preliminary data suggest that the incidence and
severity of neurotoxicity is acceptable at a dose and schedule of 40 mg/m2 dose as a 3-h
infusion q3w. Although neuropathy may be lower on the daily 5 times schedule, defin-
itive statements concerning relative neuropathy rates must await additional data. The
bone marrow suppression seen with BMS-247550 is generally within the acceptable
range and not considerably different than seen with taxanes.
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2.3. KOS-862 (Epothilone D)
KOS-862 (Fig. 1) is being clinically developed by Kosan Biosciences in Hayward,

California. A phase 1 trial is evaluating KOS-862 administered as an IV infusion
(150 mL/h) q3w (45). Five patients (two colon, one each testicular, HCC, and prostate
cancers) have been treated with 9 and 18 mg/m2 KOS-862 with no DLTs; dose escala-
tion continues. Reported grade 1/2 AEs include emesis and anemia. Preliminary phar-
macokinetic studies of KOS-862 performed on this trial demonstrate that the mean ± SD
value for AUC at 9 mg/m2 was 1332 ± 839 h×ng/mL, elimination t1/2 was 5–10 h, clear-
ance was 8.4 ± 4.0 L/h/m2, and Vdss was 78 ± 31 L/m2. Another phase 1 trial is evalu-
ating two schedules of KOS-862 administration: a single dose q3w or as doses over 
3 consecutive days q3w (46). On the q3w schedule, KOS-862 was administered at
9–185 mg/m2 to 38 patients with advanced solid malignancies. A dose of 185 mg/m2

produced DLTs, including grade 3 ataxia with visual disturbances, grade 2 ataxia with
visual disturbances/blurry vision, and grade 2 peripheral neuropathy and atypical chest
pain. Other grade 3 AEs include cognitive abnormalities, nausea/vomiting/diarrhea, and
anemia at the 120 mg/m2 dose level, cognitive abnormalities, fatigue, nausea/
vomiting/diarrhea, and anemia at the 150 mg/m2 dose level, and grade 3 motor neu-
ropathy at the 185 mg/m2 dose level. Investigators proposed 120 mg/m2 as the RP2D
on this schedule. On the daily ×3 q3w schedule, doses of 20, 40, and 50 mg/m2/d
KOS-862 were administered to 14 patients with advanced solid malignancies. At the
50 mg/m2/d dose level, one of two patients had dose-limiting grade 3 ataxia with
visual hallucinations and grade 2 neuropathy. At the 40 mg/m2/d dose level, grade 
3 AEs included cognitive abnormalities, motor neuropathy and anemia. No objective
responses were reported. Decreases in tumor markers were observed in patients with
testicular, ovarian, pancreatic, and breast cancer. No difference in pharmacokinetics,
including systemic exposure, was observed between the two schedules. Other phase
1 trials of KOS-862 with alternate schedules are ongoing.

Two phase 1 studies are studying combinations of KOS-862 with gemcitabine or car-
boplatin (47,48). KOS-862 (50, 60, and 75 mg/m2; 90-min IV infusion) and gemc-
itabine (750 mg/m2; 30-min IV infusion) were administered weekly ×3 q4w to patients
with solid tumors. At a KOS-862 and gemcitabine dose of 75 mg/m2 and 750 mg/m2,
respectively, 2/4 patients (both cholangiocarcinoma) experienced DLT of severe dehy-
dration, diarrhea, and neutropenia. One of these patients had twice the expected maxi-
mum plasma concentration (Cmax) for KOS-862. An intermediate KOS-862 dose level
of 60 mg/m2 produced no DLT in six patients; however, the day-15 dose could not be
delivered in 2/6 patients because of thrombocytopenia. The schedule was amended to a
q3w cycle (2 wk on, 1 wk off). One PR (unknown primary cancer) and two stable 
diseases more than 3 mo were observed. KOS-862 was used in combination with 
carboplatin (KOS-862 at 50 and 75 mg/m2, 90-min IV on days 1 and 8; carboplatin
AUC = 5 on day 1). A DLT of 4-wk delayed recovery of neutrophils was observed in
the first patient, and this dose level was expanded to six patients with no other DLTs. At
the second dose level, one patient experienced grade 3 neurosensory toxicity. One ovar-
ian cancer patient had a CR, and one HCC patient had stable disease for 21 wk and a
41% drop in α-fetoprotein (AFP).

NSCLC and breast cancer phase 2 trials are underway (49,50). Both trials used a dose
and schedule of 100 mg/m2 90-min IV weekly ×3 q4w. Two out of 10 evaluative breast
cancer patients achieved PRs (including one patient with hepatic-metastases who had
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Table 1
Clinical Trials of Epothilones

Tumor Major adverse events 
Drug name type/schedule Phase Activity (CTC grade 3/4)

EPO 906 Solid (6)/IV 1 3/60 PR (breast, DLT = diarrhea 91 evaluative 
wkly endometrial, pts: diarrhea 19%; nausea 9%;

ovarian) vomiting 4%; fatigue 2%; 
25/60 SD abdominal pain 2% ptt 2%

Solid (7)/30- 1 1/36 PR DLT = diarrhea 42 evaluative
min or 5–10- (unknown pts: fatigue 10%; 
min IV q3w primary), 4/36 nausea/vomiting 5%

MR (1 breast,
3 colorectal),
11/36 SD

Colon (8)/IV 1 2/24 MR DLT = diarrhea in 2/3 pts 
bolus×1 q3w; 12/24 SD on the 16-h CIV×5
24-h CIV×1; 
16-h CIV×5 

Ovarian 1/2 1/19 CR DLT = fatigue in 2/9 pts
(51)/10–20-min 1/19 PR 29 evaluative pt:
IV×1 q3w 7/19 SD diarrhea 14%; fatigue 14%; 

vomiting 7%
NSCLC 1/2 4 PR DLT = asthenia in 1/6; 

(52)/10–20-min 9 SD diarrhea in 2/12 pts. 
IV×1 q3w 35 evaluative pts: diarrhea 14%

Renal (9)/5-min 2 3/52 PR, 53 evaluative pts: neuropathy
IV wkly ×3 23/52 SD 13%; diarrhea 8%; asthenia 
q4wks and anemia 4%; sepsis 2%

CRC (10)/5-min 2 1/47 PR, 96 evaluative pts: diarrhea 
IV wkly ×3 q4wks 6/47 SD 26%; dehydration 8%; 

5-min IV q3wks 3/44 PR, nausea 5%; vomiting 5%; 
1/44 SD thrombocytopenia 1%

EPO 906 + Solid (53)/5-min 1B 1/28 MR DLT = diarrhea in 2/12; 
carboplatin IV wkly ×3 (ovarian), paresthesias in 1/12 pts

q4wks + 30-min 8/28 SD 12 evaluative pts:eye pain 8%;
IV carboplatin increased lipase 8%

(11)5-min IV 8/21 CR+PR DLT = 1/6 pts each: elevated 
q3wks + 60-min 3/21 SD liver enzymes; 
IV carboplatin nausea/vomiting; fatigue; 

nausea; abdominal pain
37 evaluative pts: peripheral 

neuropathy 3%
BMS- Solid (13)/1-h 1 1/22 CR (ovarian), DLT = grade 4 neutropenia;

247550 IV q3w 3/22 PR (NSCLC, grade 3 neuropathy in 5/6 pts;
2 melanoma), 3 evaluative pts:
11/22 SD arthralgia and myalgia 66%

Solid (17)/1-h 1 3/15 MR (colon, DLT = grade 4 neutropenia in 
IV q3w lung, melanoma), 4 pts; grade 3/4 emesis and 

3/15 SD (colon, fatigue
renal, melanoma)
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Table 1 (Continued)

Tumor Major adverse events 
Drug name type/schedule Phase Activity (CTC grade 3/4)

Solid (15)/1-h 1 4/40 PR (3 breast, DLT = neutropenia in 5/14 pts 
IV q3w endometrial) (16); 49 evaluative pts:

4/40 MR (ovarian, neutropenia 30%; fatigue 25%;
endometrial, peripheral neuropathy 10% 
breast, melanoma)

Solid (18)/30-min 1 3/36 PR (ovarian, DLT = grade 3 fatigue in 3/4 pts
IV wkly colorectal, head 12 evaluative pts:

and neck) fatigue 25%;
Changed to 1-h >50% decrease in myalgia/arthralgia 17%; 

IV wkly ×3 tumor markers in sensory neuropathy 8% 
q4wks 4/36 pts (3 breast, (Similar to AEs seen 

1 ovarian) with 30-min IV)
Solid (19)/1-h 1 1/16 MR DLT = grade 4 neutropenia in 

IV wkly (melanoma) 2/16 pts; grade 3 fatigue in 
4/36 decreases 1/16 pts
in tumor markers 
(1 prostate, 3 ovarian)

Solid (22)/1-h 1 5/27 objective DLT = grade 4 neutropenia in 
IV daily ×5 responses (breast, 3/3 pts grade 3 fatigue,
q3w cervical, basal stomatitis, anorexia

cell), 3/14 >50% 
decrease in 
CA125 (ovarian)

Solid (25)/1-h 1 3/24 SD (ovarian, DLT = grade 4 neutropenia in 
IV daily ×3 mesothelioma, 5/11 pts
q3w renal)

BMS- Solid (27)/1-h 1/2 3/30 PR (breast, DLT = grade 4 febrile 
247550 + IV 3-wkly neuroendocrine, neutropenia, grade 3 
carboplatin unknown), thrombocytopenia in 1/2 pts; 

16/30 SD grade 4 neutropenia, grade 3 
diarrhea in 1/2 pts; motor 
neuropathy in 1/30 pts grade
3/4 ALT 30%; grade 3 arthralgia
in 3%; neuropathy in 27% 
(6/8 pts sensory, 2/8 pts motor) 

BMS- Prostate (29)/3-h 1/2 1/7 CR Gr 3/4 neutropenia in 3/6 pts;
247550 IV on d2 q3w phase 1 3/7 PR grade 3 nausea in 1/6 pts
+ EMP + EMP 1/7 SD 13 evaluative pts:

11/12 >50% thrombocytopenia 31%; 
PSA decrease sensory neuropathy 15%; 

Prostate (28) phase 2 6/26 PR nausea 15%; thrombosis 15%;
Arm A: 3-h >56% pts/arm rash 8%
IV on d1 q3w ≥50% PSA 47 evaluative pts:

decrease febrile neutropenia 4%; 
Arm B: 3-h IV 8./18 PR neuropathy 6%

on d2 q3w + EMP 69% pts/arm 44 evaluative pts: febrile 
≥50% PSA neutropenia 4%; neuropathy 

decrease 4%; thrombosis 5%
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Table 1 (Continued)

Tumor Major adverse events 
Drug name type/schedule Phase Activity (CTC grade 3/4)

BMS- Solid (30)/3-h 1 5/12 SD (1 DLT = neutropenia
247550 + IV on d8 q3w + leiomyosarcoma,
gemcitabine gemcitabine 2 ovarian,

2 uterine)
BMS- Breast (31)/1-h 2 Taxane-refractory Taxane-refractory: 7 evaluative 

247550 IV q3w 2/7 PR pts: neutropenia 29%; fatigue 
3/7 SD 14%; sensory neuropathy 14%; 

proctitis 14%; 
stomatitis/pharyngitis 14%; 
thrombocytopenia 14%

Taxane-naïve Taxane-naïve: 19 evaluative pts:
10/19 PR neutropenia 44%; myalgia/
8/19 SD arthralgia 26%; sensory 

neuropathy/neuropathic pain 
21%; fatigue 16%; dyspnea 16%; 
diarrhea 5%; amenorrhea 5%; 
reversible myocardial ischemia 
5%; febrile neutropenia 5% 

Breast (32)/3-h 2 27/61 PR (24 38 evaluative pts:
IV q3w confirmed), neutropenia 24%; neuropathy 

21/61 SD 16%; myalgia 11%; arthralgia 
5%; fatigue 5% 

Breast (33)/3-h 2 6/49 PR 49 evaluative pts:
IV q3w 19/49 SD neutropenia 57%; fatigue 29%; 

sensory neuropathy 12%; 
myalgia 8%; thrombocytopenia 
8%; febrile neutropenia 6%; 
nausea 6%; vomiting 6%; 
constipation 4%; diarrhea 4%

NSCLC (38)/3-h 2 1/76 CR 76 evaluative pts: neutropenia
IV q3w 9/76 PR 26%; febrile neutropenia 10%; 

27/76 SD fatigue 5%; sensory neuropathy 
4%; arthralgia 3%; 
thrombocytopenia 3%; 
myalgia 1%; vomiting 1%

1-h IV d1-5 q3w 1/69 CR 69 evaluative pts: neutropenia
6/69 PR 14%; fatigue 9%; neuropathy 
21/69 SD 6%; febrile neutropenia 4%; 

vomiting 4%; myalgia 1%; 
thrombocytopenia 1%

Breast (35)/IV 2 Previous taxane: 42 evaluative pts:
d1-5 q3w 6/30 PR Neutropenia 32%; fatigue 15%; 

12/30 SD diarrhea 12%; febrile 
Taxane naïve: neutropenia 10%; 
4/8 PR thrombocytopenia 5%; nausea/
4/8 SD vomiting 5%; constipation 2%; 

myalgia/arthralgia 2%; 
sensory neuropathy 2%
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Table 1 (Continued)

Tumor Major adverse events 
Drug name type/schedule Phase Activity (CTC grade 3/4)

Gynecological 2 6/30 PR Neutropenia in 19/42 pts
(34)/1-h (1 ovarian,
IV q3w 1 endometrial,

4 breast)
Gastric 2 2/20 PR 21 evaluative pts:

(39)/1-h 9/20 SD fatigue 43%; anorexia 29%; 
IV q3w nausea/vomiting 24%; sensory 

neuropathy/neuropathic pain 
14%; myalgia/arthralgia 10%; 
abdominal pain 10%; diarrhea 
5%; febrile neutropenia 5%; 
neutropenia 40%

Soft tissue 2 2/31 PR (one 31 evaluative pts:
sarcoma confirmed), neutropenia 48%; leukopenia 
(40)/1-h 18/31 SD 36%; sensory neuropathy 19%; 
IV q3w myalgia 13%; pain 13%; 

dyspnea 10%; fatigue 10%; 
constipation 6%; ileus 6%; 
hypoxia 6%; rash 6%; 
nausea 6%; vomiting 6%; 
arthralgia 6%; pericardial 
effusion 3%; urinary 
retention 3%; pleural 
effusion 3%; stomatitis 3%; 
syncope 3%; motor 
neuropathy 3%; anorexia 3%; 
hypertension 3%

Colorectal 2 13/23 SD 25 evaluative pts:
(41)/1-h neutropenia 48%; leukopenia 
IV q3w 36%; peripheral neuropathy 

20%; hypersensitivity reaction 
8%; neutropenic fever 4%; 

Hepatobiliary 2 2/12 PR 15 evaluativee pts:
(42)/3-h 6/12 SD neutropenia 53%; anemia 6%; 
IV q3w febrile neutropenia 6%; 

fatigue 6%; arthralgia 6%; 
transaminase elevation 6%; 
dyspnea 6%; stomatitis 6%; 
hypersensitivity to 
Cremophor L 6%

Pancreas (43)/3-h 2 9/54 PR (4 Neutropenia, leukopenia, nausea,
IV q3w confirmed) vomiting, neuropathy, fatigue

KOS-862 Solid (45)/1-h 1 0/5 objective No DLT
IV q3w responses

Solid (46)/q3wks 1 7/52 SD DLT = grade 2/3 ataxia w/visual 
disturbances in 2/3 pts,
atypical chest pain in 1/3 pts
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Table 1 (Continued)

Tumor Major adverse events 
Drug name type/schedule Phase Activity (CTC grade 3/4)

20 evaluative pts:
cognitive abnormalities 25%; 
nausea/vomiting/diarrhea 10%; 
anemia 15%; fatigue 10%

daily ×3 q3wks DLT = grade 3 ataxia w/visual 
hallucinations, grade 2 
neuropathy in 1/2 pts
9 evaluative pts:
cognitive abnormalities 11%;
anemia 11%

KOS-862 + Solid (48)/90-min 1 1/12 CR (ovarian) DLT = 4-wk delayed recovery 
carboplatin IV d1 and 8 + 41% drop in of neutrophils in 1 pt.

carboplain AFP in 
1 HCC pt.
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>50% tumor reduction). Grade 3 AEs include peripheral neuropathy (n = 3) and ataxia
(n = 1). Several patients with neurotoxicity have been successfully retreated with a dose
reduction to 75 mg/m2. In the NSCLC study, 9% of doses required dose reduction, and
6% required dose delay secondary to toxicity. One PR has been reported in the first 35
patients (Table 1).

3. DOLASTATINS

The dolastatin peptides (Fig. 2) were originally isolated from a small sea mollusk
Dolabella auricularia. Two years later an absolute configuration of the novel pentapep-
tide dolastatin 10 was determined, enabling the synthesis of a natural compound (57).
Dolastatin 10 is a peptide made up of four amino acid residues (dolavaline, valine,
dolaisoleuine, dolaproine) linked to a complex primary amine (dolaphenine). Dolastatins
possess antimitotic properties and are cytotoxic in a number of cell lines at subnanomolar
concentrations (58). Studies of dolastatin 10 isomers and synthetic precursors have shown
that the dolaisoleuine amino acid residue is the most critical for inhibition of tubulin poly-
merization and that modification of the dolaproine or dolavaline moieties decreases its
cytotoxicity but not its ability to inhibit tubulin polymerization (59,60). A structurally
modified dolastatin 10 analog, auristatin PE (TZT-1027) (Fig. 2), lacks the terminal
dolaphenine, which is replaced with a phenethylamine (61). Cemadotin (LU103793)
(Fig. 2) is a synthetic water-soluble analog of dolastatin 15, another antiproliferative com-
pound isolated from D. auricularia, with a benzylamide moiety as the C-terminal subunit
(62). Another synthetic analog of dolastatin 15, ILX651 (LU223631) (Fig. 2), was designed
to improve metabolic stability and enhance oral bioavailability of the drug (63). Unlike
cemadotin, ILX651 was administered IV or orally without cardiovascular toxicity at
myelosuppressive doses in preclinical models.

Dolastatin 10 has been shown to act through inhibition of microtubule assembly and
polymerization of tubulin, and thereby causes cells to accumulate in a state of metaphase
arrest (58). Dolastatin 10 noncompetitively inhibits vinblastine binding to tubulin,
inhibits nucleotide exchange at the exchangeable GTP-binding site of tubulin, stabilizes
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colchicine’s binding, and causes the formation of extensive structured aggregates of
tubulin when present in stoichiometric amounts relative to the protein. Originally thought
to bind at the Vinca alkaloid site, dolastatin 10 has been shown to competitively inhibit
binding of rhizoxin and phomopsin A to tubulin, indicating that dolastatin 10 binds to
the rhizoxin/maytansine region on tubulin (64). Dolastatin 10 also induces apoptosis,
possibly by phosphorylating and thereby inactivating the bcl-2 protein directly, or as a
consequence of microtubule damage (65,66). Studies of auristatin PE have indicated
that it inhibits tubulin polymerization similarly to dolastatin 10, but possesses superior
antitumor activity (56,67). Similar to dolastatins 10 and 15, cemadotin is highly cyto-
toxic and inhibits microtubule polymerization (62). Although cellular effects caused by
cemadotin are similar to those of vinblastine, cemadotin does not inhibit vinblastine
binding to unpolymerized tubulin in vitro. De Arruda and colleagues have also deter-
mined that cemadotin does not bind to the colchicine site in tubulin. Subsequent stud-
ies have indicated that cemadotin binds to tubulin in two different classes of binding
sites: A high-affinity class of sites with a dissociation constant of 19.4 μM, and a low-
affinity class of sites with a dissociation constant of 136 μM (55). Some investigators
speculated that the low-affinity site is produced by aggregation of tubulin dimers into
oligomers in the presence of cemadotin, and suggested that cemadotin suppresses spin-
dle microtubule dynamics through a distinct molecular mechanism by binding at a novel
site in tubulin. To date, dolastatin 10, its derivative auristatin PE (TZT-1027), and the
two dolastatin 15 analogs ILX651 (LU223631) and cemadotin (LU103793), have been
evaluated in cancer clinical trials. The preliminary safety and efficacy data from these
trials are described below.

3.1. Dolastatin 10
Dolastatin 10 (Fig. 2) was clinically developed by the National Cancer Institute. Two

phase 1 trials have evaluated dolastatin 10 administered as an IV bolus infusion on a q3w
in patients with advanced solid tumors (68,69). In one study, 30 patients received dolas-
tatin as bolus doses ranging from 65–455 μg/m2 (69). Dose-limiting neutropenia was
observed at 455 μg/m2 for minimally pretreated patients and at 325 μg/m2 for heavily pre-
treated patients. Nonhematological AEs were generally mild (grade ≤1), except for one
heavily pretreated patient who experienced grade 3 diarrhea at 325 μg/m2, and one patient
who experienced grade 2 nausea. Nine of 25 evaluative patients developed new or
increased symptoms of peripheral sensory neuropathy (grade 1) at 6 wk. The MTD 
and the RP2D of dolastatin 10 were 400 μg/m2 for minimally pretreated patients and 
325 μg/m2 for heavily pretreated patients. In another study of 22 patients dolastatin doses
ranged from 65 to 300 μg/m2 (68). The MTD was reached at the 300 μg/m2 level, at which
33% of patients experienced dose-limiting neutropenia. No objective responses were
observed on this study. Preliminary pharmacokinetic studies of dolastatin 10 performed in
these trials demonstrated a rapid drug distribution with a prolonged plasma elimination
phase (69), and mean β and γ t1/2 values of 0.99 and 18.9 h, respectively (68).

In the phase 2 setting, dolastatin 10 has been evaluated in patients with prostate, colo
rectal, ovarian, NSCLC, renal cell carcinoma, melanoma, breast, and pancreaticobil-
iary cancers. All phase 2 trials used the same regimen as phase 1 studies, i.e., an IV
bolus infusion on the q3w schedule. In 15 patients with hormone-refractory metastatic
prostate adenocarcinoma, dolastatin 10 was administered at doses of 400–450 μg/m2

(70). Grade 3/4 AEs included neutropenia (53%), neuropathy, anemia, psychiatric AE,
liver, and hyperglycemia (one patient each). Three patients had stable disease. In a
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phase 2 study of dolastatin 10 as first-line treatment for advanced colorectal cancer, 14
patients received doses ranging from 300–450 μg/m2 (71). Grade 3/4 AEs included neu-
tropenia in 9/42 treatment courses in six patients, anemia in five courses in one patient,
creatinine elevation during course eight in one patient, and alkaline phosphatase eleva-
tion during one course in one patient. No tumor responses were seen. Thirty patients
with recurrent platinum-sensitive ovarian carcinoma were administered 400 μg/m2

dolastatin 10 (72). Neutropenia was the most common AE with seven cases of grade 4
and three cases of grade 3. Two cases of grade 4 gastrointestinal AEs were reported
including one patient with nausea/vomiting and constipation, which resolved with
antiemetics and laxatives, and one patient with anorexia. One patient had a pleurodesis
for a malignant effusion 8 d after receiving the first dose of dolastatin 10 and died
suddenly 4 d later. Autopsy determined that pulmonary embolism was the cause of
death, and there were widespread metastases. There were no objective responses, and
this study was therefore closed after the first stage of accrual. In 30 patients with
advanced renal cell carcinoma, dolastatin 10 was administered at 400 μg/m2 (73). The
most common grade 3/4 AEs included neutropenia, anemia, dyspnea, pleural effusion,
fatigue, and constipation. Neurological AEs were mild and did not appear to be cumu-
lative. Three PRs lasting 6, 10.3, and 16.5+ mo have been reported. In patients with
stage IIIB or stage IV NSCLC who had not received chemotherapy previously, dolas-
tatin 10 was administered at 400 μg/m2 (74). Two of 19 evaluative patients developed
grade 4 neutropenia, and one patient was hospitalized with fever; no further myelosup-
pression was noted after a 25% dose reduction. No objective responses were reported.
Twelve patients with advanced melanoma who had no previous chemotherapy were
administered 400 μg/m2 dolastatin 10 (75). The only grade 3 AE was neutropenia
uncomplicated by infection in four patients. No objective responses were reported. The
total systemic clearance and Vdss were 2.61 ± 1.9 L/h/m2 and 28.4 ± 13 L/m2, respec-
tively. In patients with advanced breast cancer, dolastatin 10 was administered at 400 μg/m2

(76). The most common hematological AE was neutropenia, with grade 3/4 experienced
by 62% of patients. Few patients experienced severe nonhematological AEs. One of 
21 patients achieved a PR for a duration of 113 d, and four patients maintained stable
disease for a median of 87 d. Median survival was 6.3 mo (95%CI: 5.6–23.2 mo), and
median TTP was 1.5 mo (95% CI: 1.4–1.9 mo). The same dose and schedule were used
in patients with advanced pancreaticobiliary cancer (77). Fifty-nine percent of patients
experienced grade 3/4 neutropenia, and 19% developed neutropenic fever. Nonhemato-
logical AEs were mostly limited to grade 1/2, with 18% neuropathy (grade 2). There
were no objective responses in this study, but 7/27 patients had stable disease (two
hepatomas, two cholangiocarcinomas, and one pancreatic carcinoma). In summary, no
significant clinical activity of dolastatin 10 as a single-agent was seen in phase 2 trials
published to date.

3.2. Auristatin PE (TZT-1027, Dolastatin 10 Analog)
Auristatin PE (TZT-1027) (Fig. 2) is being clinically developed by Daiichi

Pharmaceutical Co. LTD, Tokyo, Japan. Auristatin PE (Fig. 2) has been clinically tested
in phase 1 trials in Japan, Germany, the Netherlands, and Hungary. In a Japanese study,
auristatin PE was administered as a 1-h IV infusion on the weekly ×3 schedule in 40
patients with solid tumors using doses of 0.3–2.1 mg/m2 (78). Two of four patients
treated at the 2.1 mg/m2 dose level experienced DLTs, including leukopenia, neutropenia,
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and constipation. Toxicity was acceptable at the 1.8 mg/m2 level without DLTs. One PR
lasting 183 d has been reported in a patient with a thymoma. The investigators recom-
mended 1.8 mg/m2 auristatin PE on the weekly ×3 schedule for further studies.

In a German study, 1.35–3 mg/m2 auristatin PE was administered as a 1-h IV infu-
sion on the q3w schedule to 21 patients with solid tumors (79). Three patients experi-
enced DLTs at the 3 mg/m2 dose level, including neutropenia, fatigue, and neurotoxicity,
whereas other common grade 3/4 AEs included neutropenia, leukopenia, anorexia,
alopecia, nausea, fatigue, and constipation. No objective responses were observed.
Preliminary pharmacokinetic studies indicate a terminal t1/2 of approx 7 h. The investi-
gators recommended 2.7 mg/m2 (also the MTD) auristatin PE on the q3w schedule for
further clinical trials.

In a study conducted at the Netherlands, 1.35–2.7 mg/m2 auristatin PE was adminis-
tered as a 1-h IV on days 1 and 8 of a q3w schedule (80). DLTs included neutropenia
experienced by two patients at 2.7 mg/m2, and pain in the infusion arm at 2.4 mg/m2 in
one patient. The most common nonhematological AEs were fatigue, nausea, vomiting,
and diarrhea, mostly grade 1/2. One PR was observed in a heavily pretreated patient
with metastatic liposarcoma, lasting more than 54 wk. In addition, eight patients had SD
for a median duration of 13 wk. In a Hungarian study, 31 patients with advanced,
therapy-resistant NSCLC were treated with escalating doses of auristatin PE of
0.5–3.2 mg/m2 q3w (81). The MTD has not yet been reported.

In a phase 1 combination study, auristatin PE was administered with carboplatin to
patients with solid tumors (82). Auristatin PE (starting dose 0.4 mg/m2) was adminis-
tered as a 1-h IV on days 1 and 8 q3w, and carboplatin (AUC = 4 or 5) was adminis-
tered on day 1 as a 30-min IV before auristatin PE, q3w. Neutropenia, fatigue, and
diarrhea were the DLTs in this study (2, 1, and 1 patients, respectively). The most fre-
quent AEs were neutropenia (50%), fatigue (36%), nausea and vomiting (38%), anemia
(21%), and peripheral neuropathy (12%). One PR (pancreatic adenocarcinoma) and 7
stable disease were observed in 12 evaluative patients.

3.3. Cemadotin (LU103793, Dolastatin 15 Analog)
Cemadotin (LU103793) (Fig. 2) is being clinically developed by Abbott GmbH and

Co. KG (formerly Knoll GmbH/BASF). The early phase 1 trials of cemadotin evaluated
5-min or 24-h IV infusions on various schedules. On the weekly ×4 q5w schedule,
cemadotin was administered as a 5-min IV infusion (83). Dose-limiting hypertension
and cardiac ischemia were observed at 5 mg/m2 cemadotin possibly because of high
peak plasma levels. Refractory hypertension prompted the investigators to prolong the
infusion time to 24-h based on preclinical testing. Twenty patients with advanced solid
tumors were administered 5–12.5 mg/m2 cemadotin. In addition to grade 1/2 hyperten-
sion already present at 5 mg/m2, cardiovascular AEs consisted of grade 1/2 bradycardia
and grade 1 angina at 10 and 12.5 mg/m2. The MTD for heavily pretreated patients was
reached at 10 mg/m2 with neutropenia as the DLT. The MTD has not been published for
minimally pretreated patients. Other common AEs included liver toxicity, fatigue,
phlebitis, fever, nausea/vomiting, and tumor pain. No responses have been observed.
Another study administered a 24-h IV infusion of cemadotin at doses of 10–27.5 mg/m2/d
to patients with advanced solid tumors. Dose-limiting reversible hypertension at dose
levels 20, 25, and 27.5 mg/m2 was associated with signs of cardiac ischemia (84). Other
grade 3/4 AEs included neutropenia, leukopenia, asthenia, tumor pain, and transient
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liver enzyme elevation. The best responses were minor tumor regressions in a patient
with unknown primary carcinoma and in another patient with liver metastases from a
colon cancer. The RP2D was 15 mg/m2.

Subsequent phase 1 studies examined the influence of the treatment schedule and
duration of infusion on cardiovascular toxicity. In one study, doses of 0.5–3 mg/m2/d
cemadotin were administered as a 5-min infusion daily ×5 q3w to 26 patients (85,86).
Dose-limiting neutropenia, peripheral edema, and liver function abnormalities were
seen at both 2.5 and 3 mg/m2/d. The RP2D with this schedule was 2.5 mg/m2/d.
Pharmacokinetic parameters in this study were independent of dose and similar on days
1 and 5. Vdss was 7.6 ± 2 L/m2, clearance was 0.49 ± 0.18 L/h/m2, and elimination t1/2
was 12.3 ± 3.8 h. In another study, 20 heavily pretreated patients received cemadotin at
doses from 0.5–3.5 mg/m2/d administered as a 5-day continuous IV infusion (87).
Reversible dose-related neutropenia was the principal DLT, and 2.5 mg/m2/d was estab-
lished as the MTD. No objective responses were observed. Blood drug levels decayed
monoexponentially following the end of the infusion, with a mean t1/2 of 13.2 ± 4.3 h
(n = 14) in all patients. Mean values (n = 14) of the total blood clearance and apparent
Vdss were 0.52 ± 0.09 L/h/m2 and 9.9 ± 3.3 L/m2, respectively. There were no cardio-
vascular AEs observed with the 5-min or 24-h cemadotin infusion in these trials, and the
investigators concluded that cardiovascular toxicity appears to be associated with the
magnitude of the peak blood levels of cemadotin or its metabolites, whereas myelotox-
icity is related to the duration of time that blood levels exceed a threshold concentration.

Two phase 2 trials evaluated 2.5 mg/m2/d cemadotin administered as a 5-min IV infu-
sion daily ×5 q3w. Thirty-four patients with metastatic breast cancer previously treated
with two lines of chemotherapy for advanced disease were enrolled in one study at 18
institutions in Europe (88). Grade 3/4 neutropenia was observed in 18 patients. Other
hematological AEs included single cases of anemia and thrombocytopenia. Drug-
related nonhematological AEs included grade 3 asthenia, stomatitis, myalgia, and grade
4 serum bilirubin. The main AE was hypertension, occurring in 7/34 patients (one grade 3).
No objective responses were reported in 23 evaluative patients. In another study of 
80 chemotherapy-naïve melanoma patients, grade 3/4 neutropenia was observed in 19%
of patients. Other significant AEs included grade 3 anemia, and a single case of grade
4 thrombocytopenia (89). Nonhematological AEs included asthenia and elevated liver
enzymes. One patient each experienced grade 4 cardiac dysrhythmia and grade 3 hyper-
tension. One CR (skin) and three PRs (skin, nodes and liver sites) with a 6 mo median
duration (range 3–9.1 mo) were reported in 69 evaluative patients. A study of 17 NSCLC
patients reported no objective responses (90). Thirty percent of the patients experienced
grade 4 neutropenia.

3.4. ILX651 (LU223631, Dolastatin 15 Analog, Tasidotin)
ILX651 (LU223631) (Fig. 2) is being clinically developed by Genzyme Corp (for-

merly ILEX™ Oncology Inc). The early phase 1 trials of ILX651 (Fig. 2) evaluated
daily ×5 q3w, every-other-day ×3 q3w, and weekly ×3 q4w schedules in patients with
advanced solid tumors. On the daily ×5 q3w schedule, ILX651 was administered as
a 30-min IV infusion at doses from 2.3–36.3 mg/m2/d to 36 patients with advanced
refractory solid tumors (91). Dose-limiting grade 4 neutropenia was observed in 4/14
patients treated at the 27.3 mg/m2/d dose level and in 2/2 patients at the 36.3 mg/m2/d
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dose level. Other grade 3 AEs included ileus, fever, and AST/ALT elevations.
Hypertension was observed in two patients and consisted of transient grade 1 diastolic
hypertension. The MTD on this schedule is 27.3 mg/m2/d. One CR in a melanoma
patient treated at 15.4 mg/m2/d was reported out of 34 evaluative patients. Two other
patients with metastatic melanoma experienced mixed responses of more than 50%
reduction of cutaneous nodules. In addition, nine patients had stable disease. Pharma-
cokinetic studies of ILX651 have shown that the clearance decreased with increasing
dose, indicating nonlinear pharmacokinetics.

On the every-other-day ×3 q3w schedule, ILX651 was administered as a 30-min IV
infusion at doses from 3.9–45.7 mg/m2/d to 30 patients with advanced refractory solid
tumors with no history of significant cardiac disease (92). Dose-limiting transient neu-
tropenia was seen at the 45.7 mg/m2/d dose level in 3/5 patients. The MTD was reached
at the 34.4 mg/m2/d level on this schedule. Ten of 32 patients experienced stable dis-
ease, with four lasting more than 4 courses (breast, undifferentiated small cell carci-
noma, ovarian, and NSCLC for 5, 6, 8, and 14 courses, respectively). Preliminary
pharmacokinetic studies of ILX651 in 31 patients indicate that the drug decays from
plasma in a biphasic fashion with an effective t1/2 ranging from 21 to 55 min. The Vdss was
independent of dose with a mean of 13.2 L/m2, area under the concentration-time curve
(AUC) was not dose proportional (range 165–2,534 h × ng/mL), and neither was the sys-
temic clearance, which decreased as Cmax increased, and ranged from 8.6 to 43.2 L/h/m2.

On the weekly ×3 q4w schedule, ILX651 was administered as an IV infusion at doses
of 7.8–62.2 mg/m2/d to 30 patients with advanced solid malignancies (93). Patients
were stratified by previous myelotoxic therapy into minimally and heavily pretreatd
cohorts. Dose limiting neutropenia was seen in 2/3 minimally pretreated patients at 62.2
mg/m2/d and in 3 and 2 minimally and heavily pretreated patients, respectively, at the
54.5 mg/m2/d. No objective responses were reported. A 47% decrease was seen in a tax-
ane- and platinum-refractory NSCLC patient lasting 5 mo, and stable disease more than
4 mo was seen in two patients (HCC and renal cancer).

Preliminary results are available from a phase 2 study in melanoma patients, admin-
istering ILX651 at 28 mg/m2 as a 30-min IV infusion daily ×5 q3w (94,95). Grade 3/4
nondose limiting predicted (day 15) neutropenia and self-limited neutropenia were seen
in 2 and 3 patients, respectively. Other AEs were grade 1/2. On dose escalation to
34 mg/m2, 3/10 patients experienced dose-limiting neutropenia. Overall, grade 4 neu-
tropenia was seen in 38% of patients. One CR and four PRs (1 unconfirmed) have been
observed. At a dose of 28 mg/m2, preliminary median PFS was 39 d, and median overall
survival was 271 d (Table 2).

4. COLCHICINE-LIKE COMPOUNDS

The classic antimitotic drug colchicine is known to bind tubulin, thereby preventing
proper assembly of microtubules in the mitotic spindle and disrupting cell division
(100). The binding of colchicine induces partial unfolding of the carboxyl end of an
amphipathic helix of β-tubulin, preventing contacts necessary for microtubule assembly.
Colchicine, a highly soluble alkaloid, was first isolated from the meadow saffron
Colchicum autumnale and used as a treatment for gout (54). However, the toxicity pro-
file of colchicine prevented its use in other therapies and prompted a search for simpli-
fied, less toxic analogs acting at doses well below their MTDs.
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Table 2
Clinical Activity of Single-Agent Dolastatins in Phase 2 Trials

Tumor Major adverse events 
Drug name type/schedule Phase Activity (CTC grade 3/4)

Dolastatin Solid (67)/IV 1 0/30 objective DLT = neutropenia
10 bolus q3w responses 30 evaluative pts:

neutropenia 27%; leukopenia 
13%; anemia 3%; diarrhea 3%

Solid (68)/IV 1 0/18 objective DLT = grade 4 neutropenia in 
bolus q3w responses 3/9 pts

19 evaluative pts:
fatigue 11%

Prostate (70)/IV 2 3/15 SD 15 evaluative pts:
bolus q3w neutropenia 53%; 

neuropathy 7%
Colorectal (71)/IV 2 4/13 SD 14 evaluative pts:

bolus q3w neutropenia 43%; anemia 7%; 
creatinine ↑ 7%; 
alkaline phosphatase ↑ 7%

Ovarian (72)/IV 2 7/28 SD 30 evaluative pts:
bolus q3w neutropenia 33%; 

nausea/vomiting and 
constipation 3%; anorexia 3%.
1 death of pulmonary 
embolism

RCC (73)/IV 2 3/30 PR, 30 evaluative pts:
bolus q3w 3/30 SD neutropenia 47%; 

leukopenia 17%; anemia 10%; 
fatigue 7%; constipation 7%; 
dyspnea 6%; pleural effusion 6%

NSCLC (74)/IV 2 3/19 SD 19 evaluative pts:
bolus q3w neutropenia 11%

Melanoma (75)/IV 2 0/12 objective 12 evaluative pts:
bolus q3w responses neutropenia 33%

Breast (76)/IV 2 1/21 PR 21 evaluative pts:
bolus q3w 1/21 SD neutropenia 62%

Pancreaticobiliary 2 5/27 SD 28 evaluative pts:
(77)/IV bolus q3w neutropenia 59%; fatigue 11%

Auristatin Solid (78)/1-h 1 1/40 PR DLT = grade 4 leukopenia,
PE (TZT IV wkly ×3 neutropenia and constipation 
1027) in 1/4 pts, grade 4 neutropenia 

and grade 3 constipation in 
1/4 pts

Solid (79)/1-h 1 7/21 SD DLT = grade 4 neutropenia in 
IV q3wks 3/6 pts

21 evaluative patients:
fatigue 38%; insomnia 5%; 
neurotoxicity 14%

(Continued)
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Table 2 (Continued)

Tumor Major adverse events 
Drug name type/schedule Phase Activity (CTC grade 3/4)

Solid (80)/1-h 1 1/17 PR DLT = grade 4 neutropenia in 
IV d1 and 8 (liposarcoma) 2/4 pts, pain in infusion arm 
q3w 8/17 SD in 1/7 pts.

NSCLC (81)/IV 1 0/29 objective 29 evaluative pts:
q3w responses neutropenia 3%

Auristatin Solid (82)/1-h 1 1/12 PR DLT = neutropenia 2/9, fatigue,
PE + IV d1 and 8 (pancreas) diarrhea in 1/9 pts each
carboplatin q3w + 7/12 SD 13 evaluative pts:

carboplatin neutropenia 36%; 
nausea/vomiting 2%; 
anemia 5%

Cemadotin Solid (83)/5-min 1 – DLT = hypertension and cardiac
(LU103793) IV wkly ×4 q5wks ischemia

Changed to 24-h 0/20 objective - DLT = grade 4 neutropenia in 
IV wkly ×4 q5wks responses 2/4 pts; grade 3 nausea,

vomiting and tumor pain
Solid (84)/24-h 1 2/30 MR DLT = grade 3 hypertension in 

IV q3w 10/23 pts
30 evaluative pts:

neutropenia 68%; leukopenia 
32%; anemia 18%; 
thrombocytopenia 4%; 
hypertension 33%; 
bilirubin 33%; AST/ALT 27%; 
tumor pain 23%; LDH 23%; 
asthenia 10%; constipation 10%

Solid (86)/5-min 1 0/26 objective DLT = neutropenia, peripheral 
IV daily × 5 q3w responses edema, and liver function test 

abnormalities in 6/18 pts
Solid (87)/5-d 1 0/20 objective DLT = grade 4 neutropenia in 

CIV q3w responses 5/20 pts
20 evaluative pts:
leukopenia 20%; bilirubin ↑
30%; AST/ALT 15%; nausea 10%

Breast (88)/5-min 2 7/23 SD 34 evaluativee pts:
IV daily ×5 q3w neutropenia 53%; asthenia 9%; 

bilirubin ↑ 6%; anemia 3%; 
thrombocytopenia 3%; 
stomatitis 3%; myalgia 3%; 
hypertension 3%

Melanoma 2 1/69 CR, Gr 3/4 neutropenia (3%/16%)
(89)/5-min IV 3/69 PR, 80 evaluative pts:
daily × 5 q3w 15/69 SD leukopenia 17%; anemia 5%; 

cardiac dysrhythmia 1%; 
hypertension 1%

(Continued)
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Table 2 (Continued)

Tumor Major adverse events 
Drug name type/schedule Phase Activity (CTC grade 3/4)

ILX651 Solid (91)/30-min 1 1/34 CR DLT = grade 4 neutropenia in 
(LU223631) IV daily × 5 q3w (melanoma), 6/16 pts;

2/34 PR 36 evaluative pts:
9/34 SD AST/ALT 8%; ileus 3%; 

pyrexia 3% 
Solid (92)/q2d × 1 10/32 SD DLT = grade 4 neutropenia in 

3 q3w 5/16 pts
32 evaluative pts:

lymphopenia 31%
Solid (93)/wkly 1 2/30 SD DLT = neutropenia in 8/17 pts

×3 q4wks

Fig. 3. Colchicine-like compounds currently undergoing clinical trials.
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The colchicine analog ZD6126 (ANG453) (Fig. 3) is a synthetic water-soluble phos-
phate prodrug that is converted in vivo into N-acetylcolchinol (ZD6126 phenol), which
binds to the colchicine site on tubulin and causes disruption of microtubules (101,102).
In animal models, ZD6126 acts by causing rapid cell shape changes in proliferating
immature endothelial cells, leading to exposure of the basal lamina after cell retraction
and subsequent loss of endothelial cells (103). This in turn leads to thrombosis and vessel
occlusion, resulting in extensive tumor necrosis. The in vivo effects of ZD6126 are
highly tumor-selective and rapidly reversible on drug removal.

Another compound that is structurally related to the colchicine antimitotic com-
pound, combretastatin A-4, was originally isolated from the African willow tree
Combretum caffrum (104). The combretastatins contain two phenyl rings, which are
tilted at 50–60° to each other and linked by a two-carbon bridge, with several methoxy
substitutions on the ring system (99). Combretastatin A-4 was shown to interact with
tubulin at or near the colchicine-binding site and inhibit tubulin polymerization.
However, the clinical development of combretastatin A-4 was hindered by its limited
water solubility. Combretastatin A-4 phosphate (CA-4-P) (Fig. 3), which was developed
to improve the water solubility, is a prodrug that rapidly dephosphorylates in vivo to the
active compound combretastatin A-4 (105). In animal models CA-4-P causes rapid and
selective disruption of the tumor vasculature through induction of apoptosis of prolifer-
ating endothelial cells, followed by hemorrhagic necrosis of a tumor (106). However, a
recent study has indicated that apoptosis is not the major cause of CA-4-P-induced
endothelial cell death; instead suggesting that CA-4-P inhibits angiogenesis most likely
by signals inhibiting endothelial cell migration (107).

Another antimitotic compound that binds to the colchicine site of tubulin, 2-
methoxyestradiol (2-ME, Panzem™) (Fig. 3), is the naturally occurring metabolite of
estradiol, which is excreted in the urine (97). 2-ME has been shown to competitively
bind to the colchicine site of tubulin, resulting in inhibition of tubulin polymerization or
formation of a polymer with altered stability properties, depending on the reaction con-
ditions (108). Several mechanisms of cell growth inhibition by 2-ME have been demon-
strated (97). Inhibition of polymerization of tubulin results in mitotic arrest in the G2/M
phase of the cell cycle. Furthermore, 2-ME inhibits angiogenesis (109).

Mivobulin isethionate (CI-980) (Fig. 3) is a synthetic water-soluble antimitotic com-
pound that competitively binds tubulin at the colchicine-binding site and inhibits tubulin
polymerization, blocking the formation of the mitotic spindle (110). Cancer cells exposed
to mivobulin isethionate accumulate in the M phase of the cell cycle and subsequently
die. Preclinical studies have demonstrated that mivobulin isethionate is able to cross the
blood–brain barrier (111). Importantly, mivobulin isethionate demonstrated significant
antitumor activity in a broad spectrum of murine and human tumor models that were
cross resistant to vincristine, cisplatin, vinblastine, navelbine, and doxorubicin and in
tumor cell lines exhibiting multidrug resistance owing to P-glycoprotein overexpression
(112). In animal studies, activity of mivobulin isethionate was largely independent of the
route of drug administration but favored a prolonged treatment schedule.

To date, the colchicine analog ZD6126 (ANG453), combretastatin A-4 phosphate
(CA-4-P), 2-ME, and mivobulin isethionate (CI-980) have been evaluated in human
cancer clinical trials. The preliminary safety and efficacy data from these trials are
described below.
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4.1. ZD6126 (ANG453)
ZD6126 (ANG453) (Fig. 3) is being clinically developed by AstraZeneca. Two phase

1 trials are evaluating ZD6126 administered as a 10-min IV infusion on a weekly ×4
(113) or q3w schedule (114) in patients with solid tumors refractory to conventional
therapy. On the weekly ×4 schedule, ZD6126 was administered at 5 mg/m2 (7 patients)
and 7 mg/m2 (five patients) (113). Two cases of hypokalemia were the only grade 3 AEs
reported. The MTD has not been reported.

On the q3w schedule, ZD6126 was administered at dose levels of 5–112 mg/m2 to 31
patients who had received chemotherapy previously (114,115). One patient had asymp-
tomatic reversible grade 2 ischemic changes in ECG and grade 3 elevation in serum tro-
ponin I levels with subsequent demonstration of coronary artery disease. Abdominal
pain and gastrointestinal symptoms were dose limiting. One patient had a minor
response lasting 19 cycles. Dynamic contrast-enhanced magnetic resonance imaging
(DCE-MRI) studies have documented reductions in tumor blood flow after ZD6126
administration (115,116). Preliminary pharmacokinetic studies of ZD6126 performed
in these trials demonstrate that the drug is rapidly hydrolyzed to ZD6126 phenol, which
has an elimination t1/2 of 2–3 h.

4.2. Combretastatin A4 Phosphate (CA-4-P)
Combretastatin A-4 phosphate (CA-4-P) (Fig. 3) is being clinically developed by

OXiGENE, Inc., Massachusetts, MA. The phase 1 trials of CA-4-P evaluated 10-min or
60-min IV infusions on various schedules. On the q3w schedule, CA-4-P was adminis-
tered as a 10-min IV infusion at doses of 18, 36, 60, and 90 mg/m2 and as a 60-min IV
infusion at a dose of 60 mg/m2 to 25 patients with advanced solid tumors (117). DLTs
at 90 mg/m2 included shortness of breath and cardiac ischemia. DLTs at the 10-min
infusion of 60 mg/m2 included pulmonary toxicity, tumor pain, and myocardial ischemia.
Tumor pain associated with the infusion of CA-4-P occurred in 10% of cycles at the 
60 mg/m2 dose level on both the 10- and 60-min schedules and completely resolved 24 h
after drug administration. The investigators noted the absence of traditional cytotoxic
side effects such as myelosuppression, stomatitis, and alopecia. In more than 107 courses
of therapy, only one case each of grade 3 anemia, neutropenia, and thrombocytopenia
was reported. The investigators concluded that dosages ≤60 mg/m2 as a 10-min IV infusion
define the upper boundary of the MTD. One CR in a patient with refractory metastatic
anaplastic thyroid carcinoma treated with a 10-min infusion at 60 mg/m2 was reported
in 25 patients. DCE-MRI indicated that 6/7 patients treated at 60 mg/m2 had a signifi-
cant decline in gradient peak tumor blood flow (p < 0.03). Pharmacokinetic studies indi-
cate that CA-4-P is rapidly dephosphorylated to combretastatin A4, with a short plasma
t1/2 of approx 30 min. The mean terminal t1/2 was 0.47 h, the mean Vdss was 7.5 L, and
the mean systemic clearance was 24.6 L/h and varied over an eightfold range with a
coefficient of variation of 53%.

In a British study, CA-4-P was administered as a 10-min IV infusion on the weekly
×3 q4w schedule to 34 patients at doses of 5–114 mg/m2 (118). DLTs were reversible
ataxia and motor neuropathy at 114 mg/m2 and vasovagal syncope at 88 mg/m2. Other
drug-related grade 3/4 AEs included pain, fatigue, visual disturbance, hypotension,
dyspnea, and fatal ischemia in a patient with previously irradiated bowel. No objective
responses were observed, and the RP2D was 68 mg/m2. Pharmacokinetic studies
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indicated that CA-4-P was rapidly converted to the active combretastatin A4, which was
further metabolized to the CA4 glucuronide, which was the dominant species in the
plasma 15 min after the end of infusion.

On the daily ×5 q3w schedule, 6–75 mg/m2 CA-4-P was administered as a 10-min IV
infusion to 37 patients with refractory solid tumors (119). Dose limiting dyspnea
occurred in two patients at 75 mg/m2, as well as DLTs of infustion-associated pain at
sites of unknown tumor (2/6 patients). The 75 mg/m2 dose level was found to be the
MTD, and the 52 mg/m2 was further characterized as the RP2D. A patient with multi-
ple pulmonary metastases had a PR and received eight cycles before progression. In
addition, 14 patients maintained stable disease lasting 3–29 cycles. The investigators
reported tumor blood flow reduction following CA-4-P therapy in 8/10 patients who
were followed by MRI, and three patients demonstrated marked loss of vascularity.

In a phase 1 combination study CA-4-P was administered in combination with car-
boplatin (carboplatin 30-min IV and CA-4-P 10-min IV 1 h later) (120). At the first dose
level of 27 mg/m2 CA-4-P and carboplatin AUC = 5, 1/6 patients experienced grade 3
dose-limiting neutropenia, and at 36 mg/m2 CA-4-P and carboplatin AUC = 5, 2/6
patients experienced dose limiting grade 4 thrombocytopenia. As a result of these DLTs,
dose excalation was halted and subsequent patients were enrolled at an amended dose
level of 36 mg/m2 CA-4-P and carboplatin AUC = 4. No objective responses were
observed in 16 patients, and six patients showed stable disease.

A phase 1b combination trial of CA-4-P in combination with taxanes has been per-
formed (carboplatin or paclitaxel) (121). Twenty-one patients were administered CA-4-P
at doses of 27–45 mg/m2 as a 10-min IV, and paclitaxel (135/175 mg/m2) or carboplatin
(AUC = 4 or 5) were administered 18–22 h later, on a q3w schedule. Grade 3/4 AEs
included tumor pain (n = 2), increase in liver enzymes (n = 2), and one case each of allergy
to carboplatin, sensory neuropathy and alopecia related to paclitaxel, lymphopenia, tran-
sient dysphasia, and alkaline phosphatase elevation. PRs were seen in 6/9 patients with
ovarian cancer and a patient with rapidly progressive renal papillary carcinoma.

4.3. 2-Methoxyestradiol (Panzem)
2-ME (Panzem®) (Fig. 3) is being clinically developed by EntreMed, Inc., Rockville,

Maryland. In a phase 1 trial, 2-ME was administered orally at doses of 200–
1000 mg/d once daily or at doses of 200–800 mg twice daily for 28 d followed by a 14-d
observation period to 31 patients with refractory metastatic breast cancer (122). There
were no grade 4 AEs, and the MTD was not reached. No changes in estrogen, luteinizing
hormone, or follicle stimulating hormone have been observed. Pharmacokinetic studies
indicated that peak serum levels of 2-ME were reached 2–4 h after administration; ter-
minal t1/2 was approx 10 h. No drug accumulation was observed with daily administra-
tion but was observed throughout the first cycle with every-12-h dosing. Significant
interpatient variability and extensive metabolism to 2-methoxyestrone, with 2-
methoxyestrone levels significantly higher than those of 2-ME, were noted on both dos-
ing schedules.

In another phase 1 trial, 2-ME was administered orally twice daily at doses 800–6000
mg/d to 20 patients with heavily pretreated solid tumors (123). The drug was well tol-
erated, and the MTD was not reached. One patient had grade 4 angioedema 42 d into 
2-ME treatment at the 3200 mg/d dose level. One patient with clear cell carcinoma of
the ovary experienced a PR, with a 67% reduction in the size of pelvic lymph nodes and

Chapter 17 / Investigational Anticancer Agents Targeting the Microtubule 447



78% reduction in CA125 concentrations at the 3200 mg/d dose level. In addition, one
patient with prostate cancer, who was treated at the 1600 mg/d dose level, had stable
disease and remained on treatment for 350 d.

In a combination phase 1 trial, 2-ME was administered orally at doses of 200–1000
mg/d once daily for 28 d followed by a 13-d observation period in cycle one and con-
tinuously thereafter in combination with 35 mg/m2 docetaxel administered weekly ×4
q6w to 15 patients with metastatic breast cancer (124). There were no grade 4 AEs, and
the MTD was not reached. Grade 3 AEs included fatigue, diarrhea, hand-foot syndrome,
and transaminase elevations. The overall response rate was 20% including one CR. The
median time to treatment failure was 167 d. As in the single-agent study, no changes in
estrogen, luteinizing hormone, or follicle stimulating hormone were observed.
Pharmacokinetic studies indicated that 2-ME did not alter docetaxel clearance or dose-
normalized AUC, and concurrent docetaxel did not alter 2-ME peak and trough levels.
Similarly to the single-agent study, significant interpatient variability in 2-ME clearance
and extensive metabolism to 2-methoxyestrone, with 2-methoxyestrone levels signifi-
cantly higher than those of 2-ME, were reported. No drug accumulation was observed
throughout the first cycle in this study. In a randomized, double-blind phase 2 trial,
2-ME was administered orally at doses of 400 or 1200 mg/d once daily to 33 patients
with hormone-refractory prostate cancer (125). Grade 2/3 liver function abnormalities,
which normalized rapidly after drug discontinuation, were observed in 3/33 patients. A
total of eight patients had a decline in PSA of >20% (21–44%). Pharmacokinetic stud-
ies reported mean Cmax values of 2.2 and 5.5 ng/mL on days 1 and 28, respectively, for
the 400 mg/d dose, and 2.6 and 9.6 ng/mL on days 1 and 28, respectively, for the 1200 mg/d
dose. A new formulation or 2-ME (Panzem NCD) has recently been developed to
increase in vivo absorption (126). EntreMed, Inc. is conducting a phase 1b study in
advanced cancers, and a phase 2 study in patients with recurring glioblastoma multi-
forme (127) with this new formulation.

4.4. Mivobulin Isethionate (CI-980)
Mivobulin isethionate (CI-980) (Fig. 3) is being clinically developed by Pfizer, Inc.

(formerly Warner-Lambert Co.). Based on the significant antitumor activity mivobulin
isethionate showed in preclinical studies, its ability to cross the blood–brain barrier, and
independence of the route of administration, mivobulin isethionate was tested in a variety
of phase 1 and 2 studies (98,128–142). Phase 2 studies evaluated Mivobulin isethionate in
patients with prostate, colorectal, renal cell carcinoma, ovarian, small cell and NSCLC,
melanoma, and soft-tissue sarcomas. Activity in these trials was minimal, with one PR
lasting 11 wk reported in a patient with colon carcinoma and liver metastases (phase 1)
and one PR lasting 27 mo reported in a patient with ovarian cancer (phase 2) (Table 3).

5. SULFONAMIDES

Novel antitumor sulfonamides have been discovered by evaluating sulfonamide-
focused libraries and array-based transcriptional profiling (146,147). Previously, sulfon-
amides have been widely used as antibiotics, insulin-releasing hypoglycemic agents,
carbonic anhydrase-inhibitory diuretics, high-ceiling diuretics, and antihypersensitive
drugs (143). All sulfonamide derivatives have a common chemical motif of aromatic/
heterocyclic sulfonamide (148).
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Table 3
Clinical Activity of Single-Agent Colchicine-Like Compounds in Phase 2 Trials

Tumor Major adverse events 
Drug name type/schedule Phase Activity (CTC grade 3/4)

ZD6126 Solid (113)/10- 1 – 12 evaluative pts:
min IV wkly ×3 hypokalemia 17%

Solid (114)/10- 1 3/31 SD, DLT = abdominal pain and 
min IV q3w 1/31 minor gastrointestinal symptoms.

response troponin 1 ↑ in 1 pt
CA-4-P Solid (117)/10 1 1/25 CR DLT = grade 4 cardiac ischemia,

or 60 min 3/25 SD grade 3 shortness of breath,
IV q3w grade 3 pulmonary toxicity,

grade 2 tumor pain.
25 evaluative pts:

tumor pain 8%; pulmonary 8%; 
nausea 4%; cardiac/ischemia 4%

Solid (118)/10 min 1 0/34 objective DLT = grade 3/4 vasovagal 
IV wkly ×3 responses episode in 1/7 pts, motor 

neuropathy, ataxia each 
in 1/6 pts

34 evaluative pts:
lymphopenia 3%; vasovagal 
episode 3%; hypotension 3%; 
bowel ischemia 3%; fatigue 3%; 
ataxia 3%; motor neuropathy 3%;
vision 3%; abdominal pain or 
cramping 3%; tumor pain 3%; 
dyspnea 3% 

Solid (119)/10-min 1 1/37 PR DLT = tumor pain in 2/6 pts; 
IV daily ×5 q3w 14/37 SD dyspnea in 2/6 pts

CA-4-P + Solid (121)/10- 1b 6/9 PR 21 evaluative pts:
carboplatin min IV q3w + tumor pain 10%; GGT↑ 10%; 
or carboplatin or lymphopenia 5%; dysphasia 
paclitaxel paclitaxel 5%; alk phos 5%

2- Breast (122)/once 1 17/22 SD –
Methoxye- or twice daily 
stradiol q4wks
(Panzem) Solid (123)/twice 1 1/20 PR 20 evaluative pts:

daily 1/20 SD angioedema 5%
Prostate (125)/ 2 – 33 evaluative pts:

once daily grade 2/3 liver function 
abnormalities 9% 

Mivobulin Solid (98)/24-h 1 1/25 PR DLT = acute reversible 
isethionate IV q21d neurotoxicity
(CI-980) 25 evaluative pts:

neutropenia 20%; 
unconsciousness 12%; 
nausea 8%; dyspepsia 8%; 
dizziness 4%; agitation 4%; 
tremor 4%

(Continued)
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Table 3 (Continued)

Tumor Major adverse events 
Drug name type/schedule Phase Activity (CTC grade 3/4)

Solid (137,138)/ 1 0/16 objective DLT = neutropenia
72-h IV q21d responses

Solid (128)/72-h 1 (ped) 1/33 MR DLT = myelosuppression,
IV q21d 5/33 SD grade 3 reversible cortical 

toxicity, neurological AEs.
33 evaluative pts:

vomiting 3%; myalgia 3%
Glioma (132)/24-h 1/2 4/24/SD DLT = grade 3/4 

or 72-h IV granulocytopenia
Glioma (133)/72-h 1/2 0/24 objective –

IV q21d responses
Colorectal 2 0/14 objective DLT = grade 4 neutropenia in 

(136)/72-h responses 8/14 pts
IV q21d 14 evaluative pts:

granulocytopenia 86%; 
fatigue 14%; myalgia 7%

Renal cell 2 0/12 objective 12 evaluative pts:
(129)/72-h responses neutropeina 33%; fatigue 8%; 
IV q21d peripheral neuropathy 8%

Melanoma 2 2/12 SD 12 evaluative pts:
(139)/72-h IV q21d neutropenia 50%; leukopenia 42%

Prostate 2 4/11 SD 11 evaluative pts:
(139)/72-h leukopenia 55%; neutropenia
IV q21d 55%; anemia 27%; neutropenic 

fever; thrombocytopenia; pain; 
dysrhythmia; neuropathy; 
thrombosis; infection; 
hearing loss; hypotension; 
hypertension; anorexia; nausea; 
incontinence; alk phos (8% each)

Melanoma 2 7/24 SD 24 evaluative pts:
(142)/72-h leukopenia/granulocytopenia 
IV q21d 42%; nausea/vomiting 8%; 

fatigue 8%; anemia 4%; 
phlebitis/thrombosis 4%; 
thrombocytopenia 4%

Ovarian 2 1/16 PR 16 evaluative pts:
(131)/72-h 4/16 SD granulocytopenia 31%; 
IV q21d memory loss 25%; 

neurosensory 25%; 
hypoxemia 6%; dyspnea 6%

Small cell lung 2 0/12 objective 12 evaluative pts:
(141)/72-h IV q21d responses 75% neutropenia; 58% anemia

NSCLC (140)/72-h 2 6/14 SD 14 evaluative pts:
IV q21d neutropenia 36%

Soft tissue 2 6/18 SD 18 evaluative pts:
(135)/72-h neutropenia 50%; 
IV q21d thrombophlebitis 6%



5.1. ABT-751 (E7010)
The first orally active antimitotic sulfonamide ABT-751 (E7010) (Fig. 4) was discov-

ered at the Tsukuba Research Laboratories of Eisai Co. LTD, Tokyo, Japan (147). It has
a broader antitumor spectrum than vincristine and has different properties from those of
vincristine and paclitaxel (149). ABT-751 (E7010) inhibits tubulin polymerization by
reversible binding to the colchicine site of β-tubulin, resulting in cell cycle arrest in the
M phase. The in vivo activity of ABT-751 (E7010) is similar to that of irinotecan and
superior to that of 5-fluorouracil (150).

In the United states, ABT-751 (E7010) (Fig. 4) is being clinically developed by
Abbott Laboratories, IL. In Japan, E7010 was clinically developed by Eisai Co. Ltd.,
Tokyo, Japan. A phase 1 study in Japan explored both single dose and 5-d repeated-dosing
(starting dose of 30 mg/m2/d ×5) of the drug (151). In the single-dose part, E7010 was
administered orally to 16 patients with solid tumors at doses ranging from 80–480 mg/m2.
Eleven of 16 patients had lung cancer, and all had had previous chemotherapy. Dose-
limiting peripheral neuropathy occurred at 480 mg/m2. Hematological AEs were mild.
Gastrointestinal AEs were also mild, with the exception of one case each of grade 3 nau-
sea/vomiting, anorexia, and epigastric discomfort at 480 mg/m2, which improved within
3 d of onset. After the safety of E7010 had been confirmed, the drug was administered
orally to 41 patients with solid tumors at doses ranging from 30 to 240 mg/m2 daily ×5.
Seventeen of 35 evaluative patients had lung cancer, and 10/35 evaluative patients had
gynecological cancer. Thirty-two of 35 evaluative patients had had previous chemotherapy.
Both peripheral neuropathy and ileus were dose limiting. Hematological AEs were mild
and not dose dependent. Reversible gastrointestinal AEs included nausea/vomiting,
anorexia, and epigastric discomfort. The RP2Ds were 320 mg/m2 for single-dose and
200 mg/m2/d for a daily ×5 dose. Antitumor activity was limited to one PR in a patient
with uterine sarcoma spinal metastases, and mild decrements in CEA and in squamous
cell carcinoma antigen in patients with gastric and uterine cancers, respectively. Plasma
E7010 levels rapidly increased following administration, with terminal t1/2 of 4.4–16.6 h.
Total drug recovery in urine 72 h after administration was 77.8 ± 11.4%. No accumulation
of the drug was seen on the 5-d schedule.

Another phase 1 study in patients with refractory hematological malignancies admin-
istered E7010 orally daily ×7 q3w (100–150 mg/m2) or daily ×21 q4w (75–200 mg/m2)
(152). One patient experienced a DLT of small bowel obstruction/ileus at the 200 mg/m2

dose on the q4w schedule. The only grade 3/4 AEs were one episode each of nausea/
vomiting and increased alkaline phosphatase/bilirubin. The RP2D was 175 mg/m2

daily ×21 q4w. One CR was observed in 32 evaluative patients, and four patients had
hematological improvement. The same schedules were used in a phase 1 pediatric

Fig. 4. Sulfonamides currently undergoing clinical trials.
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study in patients with solid tumors (153). DLTs included grade 2 motor neuropathy in
1/6 patients and grade 3 constipation in 1/6 patients. A patient with neuroblastoma
receiving 100 mg/m2 ×7 q3w had stable disease after >24 cycles, and another neurob-
latoma patient receiving 165 mg/m2 ×7 q3w had complete resolution of tumor in all
previous disease sites after >14 cycles. A phase 1 pediatric study in patients with neu-
roblastoma, using doses of 100–250 mg/m2 on the q3w schedule and 75–165 mg/m2

on the q4w schedule, defined the MTD as 200 mg/m2/d (adult equivalent of 375 mg)
on the daily ×7 q3w schedule (154). DLTs on the q3w schedule included grade 2 motor
neuropathy, grade 3 constipation (one patient each), and asymptomatic decreased left
ventricular shortening fraction, neuropathic pain, fatigue, and neutropenia. On the q4w
schedule, DLTs included grade 4 neuropathy, vomiting, and dehydration; and grade 
3 fatigue, pain, and transaminase elevation.

Two phase 1 trials have evaluated E7010 administered orally on a daily or twice daily
×21 q4w or daily ×7 q3w schedules (155). The starting dose of 25 mg/d or 25 mg/twice-
daily was escalated to 250 mg/d or 100 mg/twice-daily. DLTs included hyponatremia
and fatigue at 100 mg/twice-daily, fatigue and anorexia at 200 mg/d, and paralytic ileus
at the 250 mg/d dose level. Other grade 3/4 AEs included hyponatremia, constipation,
abdominal pain, and increased protrombin time in a patient with anorexia on warfarin.
A colon cancer patient treated with 50 mg/d experienced a PR lasting 10 cycles. E7010
was rapidly absorbed with a mean time to Cmax of 1.5 h and a t1/2 of approx 6 h.

E7010 was administered orally daily ×7 q3w at 200–300 mg/d to 15 patients, and at
doses of 125 and 150 mg/twice-daily to 22 patients (156, 157). DLTs included fatigue,
ileus, constipation, and abdominal pain experienced by 2/9 patients at 150 mg/twice-daily,
as well as abdominal pain and constipation at the 300 mg/d dose level. The MTD for
the daily regimen was 250 mg/d. E7010 was rapidly absorbed with a mean time to Cmax
of approx 1.6 h and a t1/2 of approx 4.7 h. Clearance of E7010 was through inactive
sulfate and glucuronide metabolites. Four patients had stable disease, including one
patient with recurrent anaplastic Astrocytoma.

Several phase 2 studies are evaluating E7010 in breast, colorectal, renal cell cancer, and
NSCLC (158–161). All phase 2 studies utilize an oral dose of 200 mg E7010 daily ×21
q4w. Grade 3/4 AEs experienced in these studies include asthenia, constipation, and ileus
(breast cancer); asthenia, anorexia, neuropathy, and constipation (colorectal carcinoma);
asthenia and ileus (renal cell carcinoma); asthenia, constipation, neuropathy, and paresthe-
sia (NSCLC). Activity in the phase 2 studies thus far has been modest, with one PR and
17 stable disease (less than seven cycles) in renal cell carcinoma; one PR, one minor
response, and 14 SD (more than six cycles) in NSCLC; one stable disease (8 cycles) in
colorectal carcinoma; and two stable disease (seven and eight cycles) in breast cancer.

5.2. HMN-214
HMN-214 (Fig. 4) is a stilbene derivative with oral bioavailability and prodrug of

HMN-176 that inhibits prometaphase spindle formation, resulting in mitotic arrest at
the G2/M transition in the cell-cycle and caspase-dependent DNA fragmentation (162).
HMN-176 has been shown to interfere with localization of polo-like and cyclin-dependent
kinases, in association with profound apoptosis. HMN-176 has demonstrated antitumor
activity in a broad spectrum of human xenografts and has shown potent cytotoxic activity
against various drug-resistant human tumor cell lines.

HMN-214 is being clinically developed by Nippon Shinyaku Co. Ltd., Japan. Two
phase 1 trials are evaluating HMN-214 administered orally on a daily ×5 q4w or a daily
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×21 q4w schedule in patients with advanced solid tumors. Thirty-eight patients strati-
fied according to previous chemotherapy received HMN-214 daily ×5 q4w at doses of
6–48 mg/m2 (144). In both patient populations, grade 4 neutropenia with fever and pro-
longed (>5 d) neutropenia were dose limiting. Additional AEs included autonomic neu-
ropathy, myalgia, and electrolyte disturbances. There was one minor response in a
patient receiving 24 mg/m2. Pharmacokinetics studies demonstrate a dose proportional
increase in Cmax and AUC values. The RP2D for lightly pretreated patients was 24
mg/m2, and accrual continues at 18 mg/m2 for heavily pretreated patients.

HMN-214 was administered orally daily ×21 q4w at doses of 3–9.9 mg/m2/d to 33
patients with advanced solid tumors (163). At 9.9 mg/m2/d, one patient developed grade
3 hyperglycemia and myalgias, and another patient developed grade 3 bone pain. Patients
were stratified into lightly pretreated and heavily pretreated cohorts, and treated at a 
de-escalated dose of 8 mg/m2/d with no DLTs. Preliminary pharmacokinetic studies of
HMN-214 performed on day 1 indicated that the active compound HMN-176 reached
Cmax 2.2 to 6.7 h after oral dosing, and t1/2 varied from 11.8–15.8 h. Antitumor activity
was seen in a colon cancer patient with a transient decrease (40%) in CEA, and in a breast
cancer patient with stable disease for 6 mo (both at the 9.9 mg/m2/d dose level).

6. MISCELLANEOUS

6.1. Halichondrin B Analog (E7389, ER-086526, and B1939)
The rare marine sponge natural product halichondrin B is an antimitotic agent that

exhibits potent anticancer effects in both in vitro and in vivo models of cancer
(164,165). It was first isolated from Halichondria okadai and later from the unrelated
sponges Axinella carteri and Phankella carteri (166,167). Limited availability of the
natural product prompted efforts to synthesize halichondrin B. The existence of a syn-
thetic route for halichondrin B (168) and knowledge that its anticancer activity resides
in the macrocyclic lactone C1-C38 moiety (167) permitted development of struc-
turally simplified synthetic analogs, such as E7389 (ER-086526, B1939), which
retain activity of halichondrin B. E7389 encompasses the biologically active portion
of halichondrin B and exhibits similar or identical anticancer properties in preclinical
models (Fig. 5).

The mechanism of action of halichondrin B, a noncompetitive inhibitor of vin-
blastine-tubulin binding, is distinct from all other known classes of tubulin-based
agents. Studies with E7389 indicate that its mechanism is similar or identical to that

Fig. 5. Halichondrin B analog (E7389, ER-086526, B1939) (164).
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of halichondrin B (164,165). E7389 is a tubulin-binding agent that inhibits microtubule
polymerization. Preclinical data show that sub- to low-nanomolar levels of E7389
inhibit cancer cell proliferation through induction of cell-cycle block at G2/M, disrup-
tion of mitotic spindles, and initiation of apoptosis. Human tumor xenograft studies in
mice (ovary, breast, colon, and melanoma) demonstrate tumor regressions, remissions,
and increased lifespans at dose levels below the MTD (164). Moreover, E7389 showed
a wide therapeutic window relative to other cytotoxic anticancer agents. For instance, in
the human MDA-MB-435 breast cancer xenograft model, more than 95% tumor sup-
pression occurred over the fourfold dosing range of 0.25–1 mg/kg, with no evidence of
toxicity based on body weight losses or decreased water consumption. In contrast, the
therapeutic window for paclitaxel in this model is 1.7-fold.

E7389 is being clinically developed by Eisai Research Institute, Andover,
Massachusetts, in collaboration with the National Cancer Institute. The first clinical trial
in humans is evaluating E7389, administered as a bolus IV infusion over 1–2 min on the
weekly ×3 q4w schedule in patients with advanced solid tumors. Patients have been
treated at doses up to 2 mg/m2/wk (169). DLTs consisted of one grade 3 febrile neu-
tropenia and one grade 4 neutropenia. The MTD was 1.4 mg/m2/ wk. Two PRs (NSCLC
and bladder) and three minor responses (NSCLC, breast, and thyroid) were observed in
38 evaluative patients. In addition, 12 patients had stable disease lasting a median of 
4 mo (range 2–14). Preliminary pharmacokinetic studies indicated that at the MTD,
plasma concentrations of E7389 remained more than those required for cytotoxicity in
vitro for more than 1 wk. The data demonstrated a tri-phasic elimination and a pro-
longed terminal t1/2 of 36–48 h.

A second study is using a once q3w schedule, with doses ranging from 0.25 to 4
mg/m2 (170). All three patients at the 4 mg/m2 dose level and 2/3 at the 2.8 mg/m2 dose
level developed febrile neutropenia, contributing to DLT at these dose levels, and enroll-
ment continues at the 2 mg/m2 dose level. No objective responses were observed. One
patient with uterine sarcoma previously treated with gemcitabine, paclitaxel, and carbo-
platin had a 20% reduction in pelvic adenopathy, and 4 patients had stable disease for
more than three cycles.

A phase 2 study in patients with refractory breast cancer administered E7389 at 
1.4 mg/m2 weekly ×3 q4w (171). Because of neutropenia on day 15 resulting in a delay
in dosing for a considerable number of patients, the schedule was changed to 1.4 mg/m2

weekly ×2 q3w. Seventy-one and 33 patients were treated on the q4w and q3w schedules,
respectively. Twelve PRs (10 confirmed) were observed in 65 evaluative patients on the
q4w schedule, and 21 patients had stable disease. Overall survival ranged from 1+ to
253+ days, and median PFS was 7 wk. Forty-six percent of the patients experienced
grade 3/4 neutropenia, and 4% experienced grade 3 febrile neutropenia.

6.2. Hemiasterlin Analog HTI-286
HTI-286 is a synthetic analog of the naturally occurring tripeptide hemiasterlin,

which was originally derived from marine sponges Cymbastela spp, Hemiasterella
minor, Siphonochalina spp, and Auletta spp. (172). Hemiasterlins have been shown to
noncompetitively inhibit the binding of vinblastine to tubulin, depolymerize micro-
tubules, and arrest cells in the G2/M phase of the cell cycle (173). In addition, hemi-
asterlins competitively inhibit the binding of dolastatin 10 to tubulin, suggesting that
these two compounds bind to the Vinca-peptide-binding site of tubulin (174). Similar



Chapter 17 / Investigational Anticancer Agents Targeting the Microtubule 455

to hemiasterlins, HTI-286 is a potent inhibitor of cell growth that inhibits polymeriza-
tion of purified tubulin, depolymerizes microtubules, inhibits microtubule assembly,
and induces mitotic arrest and apoptosis (172) (Fig. 6). In contrast to paclitaxel and vin-
cristine, HTI-286 is a poor substrate for the multidrug resistance protein P-glycoprotein
and retains activity against in vitro and in vivo tumor models resistant to several
chemotherapeutic agents, including taxanes and vinca alkaloids. In addition, resistance
to HTI-286 was not detected in cells overexpressing the drug transporters MRP1 or
MXR. Interestingly, mutations in α-tubulin have been found in cells selected for
resistance to HTI-286, suggesting HTI-286 resistance may be mediated by mutation in
α-tubulin and/or mechanisms not involving MDR1 or MXR (175,176). The activity of
HTI-286 against human tumors in xenograft models was independent of the route of
administration (i.e. IV infusion in saline or oral administration).

HTI-286 is being clinically developed by Wyeth, Cambridge, Massachusetts. A phase
1 trial is evaluating HTI-286 administered as a 30-min IV infusion q3w in patients with
metastatic or advanced solid tumors (177). Thirty-five patients were administered
doses ranging from 0.06–2 mg/m2. DLTs included bilateral arm and hand pain at the
1.5 mg/m2 dose level, and neutropenia, chest pain, and hypertension at the 2 mg/m2

dose level. Neutropenia also occurred in one patient each at the 0.48 mg/m2 and 2 mg/m2

dose levels. The preliminary pharmacokinetic data were characterized by considerable
interindividual variability in clearance (15.7 ± 9.3 L/h), Vdss (177 ± 68 L), and t1/2
(9.2 ± 3.8 h), which were independent of dose level and body surface area. The inves-
tigators concluded that the best predictors of neutropenia are time above a threshold
HTI-286 serum concentration of 0.5 ng/mL and terminal elimination rate constant 
λ normalized by a dose level. The suggested dose for further testing is 1.5 mg/m2.

6.3. Cryptophycin 52
The cryptophycins are potent antitumor and antifungal depsipeptides originally iso-

lated from the cyanobacteria (blue-green algae) Nostoc species (179). All cyclic crypto-
phycins consist of a δ-hydroxy acid unit, an α-amino acid unit, a β-amino acid unit, and
an α-hydroxy acid unit, connected together in a cyclic sequence (180). In order to
improve in vivo hydrolytic stability, the analog cryptophycin 52 (LY355703) was syn-
thesized (Fig. 7). Cryptophycin 52 was chosen from more than 450 synthetic analogs to
enter the clinic because of a unique balance of its efficacy and stability. At high concen-
trations (≥10 times IC50), cryptophycin 52 depolymerizes spindle microtubules and
blocks cell proliferation at mitosis (181). However, low concentrations of cryptophycin
52 inhibit mitosis owing to suppression of microtubule dynamics, without significantly
reducing microtubule polymer mass or mean microtubule length. Five to six molecules
of cryptophycin 52 bound per microtubule molecule at its ends are sufficient to decrease

Fig. 6. Hemiasterlin analog HTI-286 (172).
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dynamicity by 50%. Cryptophycin 52 noncovalently binds to β-tubulin at a single high-
affinity site, inducing a conformational change in tubulin that may be important in the
ability of the drug to increase stability at microtubule ends (182,183). Vinblastine
inhibits binding of cryptophycin 52 to tubulin, whereas cryptophycin 52 does not inhibit
colchicine binding to tubulin, suggesting that cryptophycin 52 interacts with the vinca-
binding domain of tubulin. Cryptophycin 52 has demonstrated potent antiproliferative
and cytotoxic activity with IC50 values for antiproliferative activity in the low picomo-
lar range in both solid and hematological tumor cell lines (184). Cryptophycin 52 is
more potent than paclitaxel, vinblastine, and vincristine both in vitro and in human
tumor xenograft models, including multidrug-resistant cancer cells overexpressing 
P-glycoprotein and/or multidrug-resistance protein transport factors.

Cryptophycin 52 is being clinically developed by Eli Lilly and Co., Indiana. Because
cryptophycin 52 is formulated with Cremophor EL, hypersensitivity reactions have
occurred with IV administration of this drug on various schedules (178,185). Therefore,
all patients are given steroid-based prophylaxis (178,185) 30–60 min before crypto-
phycin 52 infusion. Two phase 1 trials have evaluated cryptophycin 52 administered as
a 2-h IV infusion on various schedules in patients with solid tumors. In one study,
25 patients with solid tumors received cryptophycin 52 doses ranging from 
0.1–2.22 mg/m2 on days 1 and 8 q3w (178). A single case of dose-limiting myalgia at
0.2 mg/m2 prompted expansion of the 0.68 mg/m2 dose level and further dose escala-
tion up to 2.2 mg/m2. At the 2.2 mg/m2 dose level, dose-limiting motor neuropathy
occurred in 1/1 patient and resulted in exploration of an intermediate dose of 1.84 mg/m2.
Dose-limiting constipation/ileus occurred in 2/3 patients at that dose level, with severe
myalgia in one patient. In an attempt to improve dose intensity and avoid dose-limiting
neurotoxicity, the schedule was changed to twice weekly dosing on days 1, 4, 8, and 
11 q3w. On this schedule, a starting dose of 0.75 mg/m2 was administered to three
patients, and 1 mg/m2 dose was administered to eight patients. At the 1 mg/m2 dose
level, dose-limiting constipation/ileus occurred in 2/8 patients despite prophylaxis with
an aggressive laxative regimen. Doses of more than 0.75 mg/m2 on this schedule were
not tolerated as a result of constipation/nausea, suggesting that cryptophycin 52 toxicity
is not schedule-dependent and is related to cumulative dose. One PR in a patient with
NSCLC treated at 0.1 mg/m2 on day 1 and day 8 q3w was reported. Pharmacokinetic
studies indicated that cryptophycin 52 was eliminated rapidly with a short terminal t1/2
that ranged from 0.8–3.9 h. 

In another phase 1 trial, 35 patients with solid tumors were administered crypto-
phycin 52 at doses ranging from 0.1 to 1.92 mg/m2 on day 1 of a 21-d cycle (185).
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Fig. 7. Cryptophycin 52 (LY355703) (178).
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Bradycardia was dose limiting in 1/3 patients at 0.68 mg/m2. A patient experienced
hypertension associated with a dose-limiting hypersensitivity reaction, and two addi-
tional patients had hypersensitivity reactions at cycle 2, prompting the introduction
of prophylactic premedication in all subsequent patients. The dose was escalated to
1.48 mg/m2, at which dose 1/8 patients experienced dose-limiting cardiac dysrhythmia.
At 1.92 mg/m2, 1/5 patients experienced dose-limiting sensory neuropathy, and 1/5
patients experienced dose-limiting myalgia. Both patients treated at the subsequent dose
level of 1.7 mg/m2 experienced reversible dose-limiting myalgia, prompting expansion
of accrual at the 1.48 mg/m2 dose level, which was recommended for phase 2 studies.
The MTD was identified in the dose range of 1.7–1.92 mg/m2. Owing to the acute dose-
related toxicity reported on this regimen, the dose and schedule were changed to 
1 mg/m2 administered weekly ×3 q4w. On this schedule, 1/8 treated patients experi-
enced dose-limiting hypertension. In addition, myalgia occurred in 1/8 patients.
Cumulative long-lasting neuroconstipation and neurosensory toxicity precluded the
completion cycle in 9 out of 15 cycles. The MTD was not reached, and the clinical
development of the weekly regimen was discontinued because a dose below 1 mg/m2

would provide a dose intensity lower than the RP2D on the q3w schedule. No objective
responses were observed in either study.

One of two patients treated at 1.7 mg/m2 on the q3w schedule experienced neuro-
motor and neurosensory AEs with a vulvar vestibulitis syndrome, which disappeared
completely after cryptophycin 52 was discontinued (186). This was the first report of
vulvar vestibulitis syndrome possibly induced by chemotherapy. The investigators con-
cluded that the neurotoxicity of cryptophycin 52 and the systemic peripheral neuropathy
after administration suggest neurological pathogenesis of vulvar vestibulitis and
should be considered whenever potential neurotoxic therapy is administered and vulvar
pain occurs.

Two phase 2 trials evaluated cryptophycin 52 in patients with stage IIIB or IV NSCLC.
In a German study, cryptophycin 52 was administered as first-line therapy at a dose of 1.5
mg/m2 on days 1 and 8 q3w (187). One patient was hospitalized as a result of grade 4 diar-
rhea and died from severe lactate acidosis possibly related to cryptophycin 52. Another
patient died from a myocardial infarction. No hematological AEs were observed on this
trial. Two patients had acute grade 2 hypersensitivity reactions despite prophylaxis. No
objective tumor responses were reported, and the trial was suspended. In a United States
study, cryptophycin 52 was administered to 26 patients who had received 1–2 chemotherapy
regimens previously, including one containing a platinum agent (188). Twenty-five
patients were evaluative for AEs and response. The first 12 patients received the drug at a
dose of 1.5 mg/m2 on days 1 and 8 q3w, and eight of those patients experienced grade 3
or greater AEs. Subsequently, the dose was reduced by 20%, and 13 additional patients
were treated at the 1.125 mg/m2 dose level. Four of these 13 patients experienced grade 3
or greater AEs. Grade 4 AEs included one case each of constipation, which appeared to
be neurogenic, and dehydration. Grade 3 hematological AEs included decreased hemoglo-
bin and platelets levels, whereas grade 3 nonhematological AEs included pain, neuropathy
(including paresthesias and peripheral neuropathy), asthenia/malaise, and nausea/vomiting.
No objective responses were observed in this trial. Ten of 25 evaluative patients had stable
disease, and median survival was 4.1 mo. The investigators concluded that cryptophycin
52 has only limited activity in NSCLC and suggested that neurotoxicity associated with
the drug is related to its peak dose, because toxicity was substantially reduced with a
relatively modest dose reduction.
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A phase 2 study in patients with platinum-resistant ovarian cancer administered cryp-
tophycin 52 at 1.5 mg/m2 on days 1 and 8 q3w to 25 patients (189). PRs were seen in
3/24 evaluative patients, and 7 patients had stable disease lasting more than 4 mo. Grade
3/4 AEs included anemia, thrombocytopenia, increased creatinine, and hyperbilirubinemia.
Median TTP was 5.1 mo.

6.4. Rhizoxin
Rhizoxin is a 16-membered macrolide antitumor and antifungal agent originally iso-

lated from the fungus causing rice seedling blight, Rhizopus chinensis (190) (Fig. 8).
It has been shown to act through inhibition of microtubule assembly and polymeriza-
tion of tubulin, which causes cell-cycle arrest in the G2/M phase (191). Rhizoxin inter-
acts with one binding site per molecule of β-tubulin (192,193). It bound to the
maytansine binding site on tubulin, separate from the binding site of vinblastine, and
demonstrated potent cytotoxic activity in vitro over an exceptionally broad range of
concentrations from 10–4–10–13 M (194). Rhizoxin demonstrated in vivo activity in
human tumor xenograft models including those resistant to vinca alkaloid agents. In
animal studies, the antitumor activity of rhizoxin was schedule-dependent as indicated
by improved activity after prolonged or repeated drug administration. In addition, rhi-
zoxin has been shown to cause dose-dependent inhibition of angiogenesis and suppress
neovascularization (195), possibly through combined inhibition of some functions of
endothelial cells responsible for induction of in vivo angiogenesis (196).

Rhizoxin was clinically developed by Fujisawa in collaboration with the National
Cancer Institute in the United States. In early clinical studies in the United Kingdom, rhi-
zoxin was administered as a 5-min IV bolus infusion on a q3w schedule to 24 patients
with refractory solid tumors (197,198). DLTs at 2.6 mg/m2 included reversible leukope-
nia, mucositis, and diarrhea. The RP2D was 2 mg/m2 on this schedule. In preliminary
pharmacokinetic studies, rhizoxin was not detectable in plasma at doses of 0.8 and 
1.6 mg/m2 and was not measurable 10 min after injection at 2 mg/m2, indicating a very
short elimination t1/2. Based on preclinical studies that indicated improved antitumor
activity of rhizoxin with prolonged administration schedules, and in order to overcome
short elimination t1/2, subsequent phase 1 studies in the United States evaluated CIV infu-
sions of rhizoxin. In 48 patients with solid tumors, rhizoxin was administered at the starting
dose of 1 mg/m2 as a 3- to 72-h IV infusion (199). Neutropenia was the main DLT. The
MTD was 0.8 mg/m2 administered over 72 h. No objective responses were observed in

Fig. 8. Rhizoxin (54).
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this study. Based on these data, the investigators developed a mathematical model
explaining the schedule-dependent interpatient pharmacodynamic variability in the nadir
neutrophil count. In another study, rhizoxin was administered at doses ranging from 
0.2 mg/m2 as a 12-h IV infusion to 2.4 mg/m2 as a 72-h IV infusion q3w to 19 previously
treated patients with solid malignancies (200). At the 2.4 mg/m2/72 h dose level, a single
patient developed dose-limiting neutropenia with fever, mucositis, and diarrhea, and sub-
sequently died. At the 1.2 mg/m2/72 h dose level, only 1/7 patients experienced dose-
limiting neutropenia and fever. A dose of 1.2 mg/m2 administered over 72 h was determined
to be the MTD and RP2D. No objective responses were observed in this study.

The phase 2 trials of rhizoxin were performed by the European Organization for
Research and Treatment of Cancer (EORTC) using a 5-min IV bolus infusion on a q3w
schedule in patients with melanoma, head and neck, breast, and NSCLC (201). No
objective responses were observed in the melanoma and breast studies.

In 32 patients with recurrent and/or metastatic squamous cell head and neck cancer,
rhizoxin was administered at the starting dose of 2 mg/m2 (202). Because of severe
tumor pain following rhizoxin administration, the dose was lowered to 1.5 mg/m2, and
the side effect was no longer observed. In total, 9/32 patients treated experienced pain
at the tumor site. Hematological AEs included neutropenia and thrombocytopenia, and
nonhematological AEs included stomatitis. Two PRs (a large ulcerated cervical recur-
rence of a tongue carcinoma and a large squamous cell carcinoma of the tongue) lasting
7.5 and 3.5 mo were observed in 25 evaluative patients.

In 31 chemotherapy-naïve patients with advanced NSCLC, rhizoxin was adminis-
tered at a dose of 2 mg/m2 (203). Nine of 29 eligible patients were treated surgically,
and 3/29 patients received radiotherapy. Drug-related hematological AEs included
grade 3/4 leukopenia in 9/118 cycles (8% of cycles) and neutropenia in 18/118 cycles
(15% of cycles). In addition, grade 3 anemia was recorded in 1/118 course (<1%).
Drug-related nonhematological AEs included grade 3 stomatitis and asthenia/malaise/
fatigue in two courses. Four PRs and 13 stable diseases were observed in 27 evaluative
patients. The median duration of response was 7 mo (range 6–10.7 mo), and median sur-
vival from the start of rhizoxin treatment was 6 mo (range 2–14.7 mo). Rhizoxin was
rapidly eliminated from plasma with a median systemic clearance of 8.4 L/min/m2

and an elimination t1/2 of 10.4 min (204). Rhizoxin AUC was higher in patients with
a PR or stable disease than in those with progressive disease (median 314 vs. 222
min×ng/mL, p = 0.03).

In British phase 2 trials, rhizoxin at a dose of 2 mg/m2 administered as a 5-min IV
bolus infusion on a q3w schedule was evaluated in patients with advanced ovarian,
renal, and colorectal cancer (205). In the 17 eligible patients with progressive epithelial
ovarian cancer, one patient who had received platinum-based chemotherapy previously
had a PR lasting 3 mo in a pelvic mass and para-aortic lymphadenopathy after two
cycles of treatment. There were no responses in patients with advanced colorectal cancer
or advanced renal cancer.

6.5. T138067 and T900607
T138067 is a novel synthetic antimitotic agent that has been shown to covalently bind

to cysteine-239 on β1, β2, and β4 isotypes of tubulin, thereby disrupting microtubule
polymerization. Although the apparent association rate constant for T138067 binding to



460 Vereshchagina, Scharf, and Colevas

tubulin is approx 10 times more than that of colchicine, T138067 is more effective in
preventing microtubule formation, with an IC50 value of approx 2 μM. Shan and col-
leagues (208) suggested that T138067-modified tubulin recruits unmodified heterodimeric
tubulin into large, amorphous aggregates, and thus quickly depletes the pool of tubulin
available for microtubule formation. Inhibition of tubulin polymerization by T138067
leads to mitotic arrest at the G2/M transition in the cell cycle followed by apoptosis.
T138067 and its analogs, such as T900607, are effective against various tumor cells in
culture and mice xenograft models, including those that express the multidrug-resistant
phenotype (Fig. 9). T138067 was considerably more toxic than vinblastine, paclitaxel,
doxorubicin, and actinomycin D toward multidrug resistant cell lines. In a human T cell
leukemia xenograft model, T138067 showed the same degree of efficacy against the
drug-sensitive parental cells and vinblastine/paclitaxel-resistant subline. In contrast,
paclitaxel and vinblastine showed approx 50% reduced efficacy against multidrug-
resistant tumors. The covalent interaction of T138067 with β-tubulin may explain its
evasion of cellular multidrug-resistance mechanisms. In vivo and in vitro, T138067 is
metabolized through a glutathione S-transferase-mediated metabolic pathway (209).
T138067 has the ability to penetrate the blood–brain barrier, which could be partially
owing to its lipophilicity. Less lipophilic analogs of T138067 that do not cross the
blood–brain barrier are thought to possess fewer potential problems with central neuro-
toxicity and an increased therapeutic window relative to other members of this class of
compounds (206). T900607 is a structural analog of T138067 that differs from T138067
in that it does not cross the blood–brain barrier, has a different tissue distribution profile,
and is more water-soluble. Like T138067, T900607 prevents tubulin polymerization by
covalently binding to β-tubulin, inhibits the growth of a number of tumor cell lines and
tumor growth in human xenograft models, and its activity is not affected by the mul-
tidrug-resistant phenotype of the cells (210–212). Additive effects of tumor growth inhi-
bition have been reported with the administration of T900607 and gemcitabine to
athymic mice bearing MX-1 mammary tumor xenografts (211).

T138067 and T900607 are being clinically developed by Tularik Inc., California.
Three phase 1 trials have evaluated T138067 administered as a 3-h IV infusion on vari-
ous schedules in patients with solid tumors. On an q3w schedule, T138067 was admin-
istered at dose levels of 11–585 mg/m2 to 28 patients (213). Grade 4 neurotoxicity
(hearing loss, peripheral neuropathy, acute ataxia, dysphoria, lethargy, and tremulous-
ness) was observed in one patient at the 585 mg/m2 dose level. The authors noted that his
exposure was twice the level predicted from linear pharmacokinetics, probably because
of reduced hepatic blood flow secondary to reduced cardiac output. No other grade 3/4

Fig. 9. T138067 (206) and T900607 (207).
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AEs were observed, and there was no evidence of cumulative effects. The RP2D was 
440 mg/m2 on the q3w schedule. Pharmacokinetic parameters from 24 patients dosed up
to 440 mg/m2 showed mean clearance of 1.5 ± 0.44 L/h/kg, mean Vdss of 0.6 ± 0.26 L/kg,
and apparent elimination t1/2 of 0.5 ± 0.3 h. On a weekly schedule, T138067 was admin-
istered at dose levels of 110–440 mg/m2 to 29 patients (214, 215). In patients with malig-
nancies other than HCC, DLTs included neuropathy and neutropenia at the 440 mg/m2

dose level, whereas in HCC patients DLTs included thrombocytopenia at the 330 mg/m2

dose level (grade 1) and neutropenia at the 300 mg/m2 dose level (grade 3). One PR 
lasting 15 mo was observed in a patient with HCC at the 110 mg/m2 dose level. The 
RP2D of T138067 on the weekly schedule was 330 mg/m2 for non-HCC patients and
220–300 mg/m2 for patients with HCC. Pharmacokinetic studies indicate that total body
clearance of 51.1 ± 21.7 L/h/m2 approximates hepatic blood flow, Vdss of 17 ± 10.6 L/m2

is slightly smaller than total body water, and the apparent elimination t1/2 is short (0.5 ∀
0.2 h). On a daily ×5 q3w schedule, T138067 was administered at dose levels of
44–250 mg/m2 to 20 patients (216). DLTs included neutropenia and reversible
encephalopathy/hearing. No objective responses and one stable disease were observed in
15 evaluative patients. The MTD and RP2D of T138067 administered daily ×5 q3w was
175 mg/m2. The pharmacokinetics of T138067 was linear with dose-proportional
increases in Cmax and AUC, and did not change over the 5-d treatment period.

Phase 2 trials of T138067 evaluated the weekly schedule in patients with HCC,
NSCLC, and malignant glioma. In 53 patients with unresectable HCC, T138067 was
administered as a 3-h IV infusion at a dose of 165 mg/m2 (217). Thirty-three patients
received T138067 as first-line therapy, and 20 patients as second-line therapy. The most
common drug-related AEs were fatigue, nausea, vomiting, and diarrhea. No grade 4
AEs were observed. In 21 evaluative first-line patients, two PRs and nine stable diseases
were reported. Three of 20 first-line patients had more than 50% reduction in AFP, and
one of these three patients had a PR. Of 11 second-line patients, one patient had a PR.
The authors concluded that T138067 is well tolerated and active against first- and second-
line HCC. In 20 patients with locally advanced or metastatic NSCLC, T138067 was
administered at a dose of 330 mg/m2 (218). All patients had previously received taxane
therapy, including Taxol®/carboplatin (six patients), other Taxol® combinations (three
patients), and taxotere/irinotecan (one patient). The most common drug-related AEs
included neutropenia, nausea, vomiting, and vein irritation. No grade 4 AEs related to
T138067 were observed, and no objective responses were observed in 14 evaluative
patients. The same dose and schedule were administered to 18 glioma patients (16
patients with glioblastoma multiforme and two patients with anaplastic Astrocytoma)
(219). No objective responses were observed. Three patients had stable disease with a
median duration of 2.6 mo. AEs were generally mild, with no grade 4 AEs reported and
only four patients reporting grade 3 AEs (fatigue, diarrhea, and neurotoxicies consist-
ing of confusion and expressive dysphasia).

A phase 2/3 randomized trial compared overall survival with T138067 vs doxoru-
bicin, in patients with unresectable, chemotherapy-naïve HCC (220). This study was
closed early after treating 339 patients (169 on the T138067 arm and 170 patients on
the doxorubicin arm) owing to lack of survival benefit in patients treated with
T138067.

Three phase 1 trials are evaluating T900607 in patients with refractory solid tumors.
In one study, T900607 was administered at doses of 7.5–80 mg/m2 as a 30- or 60-min
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IV infusion on a q3w schedule in 25 patients (207,221). Infusion time and volume were
increased from 30 min and 100–250 mL to 60 min and 500 mL, respectively, owing to
incidence of vein pain on infusion with T900607 in the first 18 patients. Grade 3 drug-
related AEs were anemia, fatigue, troponin elevations, and nausea. The most common
drug-related AEs were fatigue, nausea, and diarrhea. One patient had a transient asymp-
tomatic troponin elevation, and one patient had an asymptomatic grade 1 decrease in
cardiac ejection fraction and troponin elevation after five cycles of 60 mg/m2; the ejection
fraction recovered to baseline post-treatment. One confirmed PR (95% reduction in
tumor and 99% reduction in AFP) lasting for 8+ mo was reported in a patient with HCC
treated at the 60 mg/m2 dose level. The MTD has not yet been reported. T900607 phar-
macokinetics was linear over the dose range studied, with dose-proportional increases
in Cmax and AUC. In another study, T900607 was administered at doses of 20–130
mg/m2 on a weekly schedule to 24 patients (222). Two patients treated at the 130 mg/m2

dose level experienced DLTs, including abdominal pain and thrombocytopenia. The
most common drug-related AEs were nausea, injection site pain/irritation, vomiting,
fatigue, and chills. No grade 4 AEs related to T900607 were observed. One patient
developed an asymptomatic decline in ejection fraction after six cycles of 60 mg/m2,
and one patient experienced an inferior myocardial infarction after five cycles of 100
mg/m2. The MTD of T900607 was 100 mg/m2 on the weekly schedule. The pharmaco-
kinetics of T900607 was linear with proportional increases in Cmax and AUC. A third
study administered T900607 at doses of 15–270 mg/m2 by 30-min IV infusions q3w
(223). At the 270 mg/m2 dose level, all three patients had grade 3 thrombocytopenia
(one of which qualified as a DLT), and the dose level was expanded to two additional
patients, one of whom had a fatal DLT (grade 4 troponin elevation, grade 3 leukopenia,
and grade 5 myocardial infarction). Patients subsequently enrolled at the 180 mg/m2

dose level were carefully monitored for cardiac toxicity. One patient had grade 2 atrial
fibrillation and grade 3 congestive heart failure; one patient had grade 1 bradycardia;
and one patient had palpitations, atrial fibrillation, and died suddently with a presumed
arrhythmia. The fourth patient at this dose level had a 15% decrease in LVEF. The
RP2D was subsequently determined at 130 mg/m2 with only one DLT related to drug
(grade 2 anorexia). No objective responses were observed in 20 evaluative patients.
Seven patients had stable disease (median duration of 3.9 mo).

In a phase 2 study in patients with chemotherapy-naïve unresectable HCC, T900607
was administered as a weekly 1-h infusion at a dose of 100 mg/m2 (224). One in 23
evaluative patients had a PR and 13 patients had stable disease. A more than 50% reduc-
tion in AFP was observed in 2/15 patients (one of them with PR). No grade 4 AEs were
observed, and the most frequent AEs were rigors (38%), pyrexia (32%), nausea (32%),
vomiting (21%), anemia (21%), fatigue (15%), and anorexia (12%).

6.6. Cantuzumab Mertansine (SB-408075, huC242-DM1) 
and BB-10901 (huN901-DM1)

Cantuzumab mertansine (SB-408075, huC242-DM1) (Fig. 10) is a tumor-activated
prodrug created by conjugation of approx four molecules of the potent maytansinoid
antimitotic agent DM1 to the humanized monoclonal antibody huC242. huC242
specifically binds to the extracellular domain of a tumor-associated carbohydrate
epitope of CanAg (a novel glycoform of MUC1) expressed in most colorectal, pan-
creatic, biliary, and a large proportion of NSCLC (40%), gastric (55%), uterine (45%),
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and bladder (40%) cancers (225). In contrast, CanAg is only minimally expressed on
normal tissues. Following CanAg binding, the huC242-DM1 complex is internalized,
and the DM1 molecules are released intracellularly by cleavage of the DM1-huC242
disulfide linkage. DM1 is a synthetic derivative of the natural microbial fermentation
product and potent but toxic antimicrotubule agent ansamitocin P-3 (maytansinoid).
Maytansine was evaluated in phase 1 and 2 clinical trials by the National Cancer
Institute in the 1970s (226–233). The development of maytansine was stopped
because of severe AEs, including nausea, vomiting, diarrhea, liver function abnormal-
ities, weakness, and lethargy observed in these trials. The conjugation of DM1 to
tumor-specific monoclonal antibodies permits the targeted delivery of drug molecules
to specific antigen-bearing cells, resulting in enhancement of antitumor activity and
reduction of normal tissue toxicity. Cantuzumab mertansine has demonstrated potent
cytotoxic activity against colon cancer cell lines in an antigen-specific manner and
antitumor efficacy in human colon, pancreatic, and lung tumor xenografts at nontoxic
doses (234,235). Maytansinoids, such as maytansine and ansamitocin P-3 derivatives,
have been shown to bind to β-tubulin in a reversible manner, competitively inhibit the
binding of vinblastine and vincristine, but only marginally affect colchicine binding
to tubulin, suggesting interaction with the vinblastine binding site of tubulin (54,236).
On binding to tubulin, maytansine causes disassembly of the microtubule and 
prevents tubulin spiralization. In addition, ansamitocin P-3 competitively inhibits
rhizoxin binding to tubulin (192,193), suggesting that rhizoxin and ansamitocin P-3
share the same binding site (the rhizoxin/maytansine binding site), which is distinct
from the vinblastine-binding site of tubulin.≠

Cantuzumab mertansine is being clinically developed by ImmunoGen Inc.,
Massachusetts, MA (237). A phase 1 trial evaluated cantuzumab mertansine adminis-
tered at doses ranging from 22 to 295 mg/m2 as a 30-min IV infusion on a q3w sched-
ule in 37 patients with CanAg-expressing solid malignancies (225). At the 235 mg/m2

Fig. 10. Schematic of the immunoconjugate structure of cantuzumab mertansine (SB-408075,
huC242-DM1) (225) and BB-10901 (huN901-DM1).

O

S S
N

CH3
O

CH3

OHN

O

OCH3

H3C

O
O

CH3

CH3
O

ON

N

R

C1 N

H3CO

CH3
H3CO HO H

n



dose level, 2/16 patients experienced dose-limiting elevations in hepatic transaminases.
At the 295 mg/m2 dose level, 2/3 patients experienced DLTs including grade 3 fatigue
and AST elevation in course 1. Other nonhematological grade 3 AEs included asymp-
tomatic elevation of serum lipase in 1/5 patients at 176 mg/m2, vomiting in 1/16 patients,
and peripheral neuropathy in 2/16 patients at 235 mg/m2 after one and four courses,
respectively. Hematological AEs included thrombocytopenia and uncomplicated brief
neutropenia. Three of 37 patients experienced hypersensitivity reactions. The symptoms
resolved with temporary interruption of cantuzumab mertansine infusion and IV dex-
amethasone and antihistamine administration. No objective reponses were reported.
Seven patients experienced more than 30% decrease in carcinoembryonic antigen lev-
els. The RP2D is 235 mg/m2 as an IV infusion on the q3w schedule. The results of phar-
macokinetic studies indicate that dose, Cmax and AUC correlated with the severity of
transaminase elevation. The mean clearance and terminal elimination t1/2 values for can-
tuzumab mertansine averaged 39.5 ± 13.1 mL/h/m2 and 41.1 ± 16.1 h, respectively. The
mean Vdss was 1497 ± 584 mL/m2. In pharmacodynamic studies, strong expression of
CanAg was documented in 68% of patients. Another phase 1 study administered 
cantuzumab mertansine at weekly doses ranging from 40 to 138 mg/m2 without inter-
ruption (238). Thirty-nine patients were treated, and no grade 4 AEs were observed. 
At the 138 mg/m2 dose level, 3/6 patients experienced DLTs in the form of grade 
3 transaminase elevations and one grade 2 serum bilirubin elevation. Consequently,
115 mg/m2 was determined as the MTD, and only 2/23 patients treated at this dose level
experienced grade 3 AEs (one each elevated lipase and alkaline phosphatase, the latter
considered a DLT). One chemotherapy-naïve patient at the 96 mg/m2 dose level expe-
rienced a marked improvement as seen by disappearance of ascites. This patient
remained on study for a total of 62 weekly doses. Another patient treated at this dose
had a marked decline in CA19-9 associated with stable disease for 5 mo. No objective
responses were observed.

DM1 has also been evaluated as an immunoconjugate with humanized murine mon-
oclonal antibody huN901 (239). The huN901 component of a tumor-activated prodrug
BB-10901 (huN901-DM1) (Fig. 10), which includes huN901 linked to approx four
molecules of DM1, binds to the CD56 antigen expressed on human small-cell-lung can-
cers (SCLC), neuroblastomas, neuroendocrine tumors, and multiple myelomas. Similar
to cantuzumab mertansine, BB-10901 is converted to the active drug inside the target
cell, following specific binding to the surface of the tumor cell and internalization. BB-
10901 has demonstrated activity in human SCLC xenograft models resulting in cures of
mice, in contrast to the clinically used SCLC drugs cisplatin, VP-16, and topotecan,
which had only modest effects resulting in tumor growth delays.

BB-10901 (huN901-DM1) is being clinically developed by ImmunoGen Inc.,
Massachusetts (240). A phase 1 trial is evaluating BB-10901 administered as an 
IV infusion on a weekly ×4 q6w schedule in patients with CD56-expressing tumors
(241). Twenty-four patients, including 15 patients with SCLC and 9 patients with neu-
roendocrine tumors, have been treated at doses ranging from 5 to 75 mg/m2. Dose-
limiting pancreatitis possibly related to treatment occurred in one patient treated at the
60 mg/m2 dose level. No moderate or severe (>grade 2) hematological AEs have been
observed. The average elimination t1/2 was 23 h, and clearance was 49 mL/h/m2. BB-
10901 clearance was non-dose-proportional with greater clearance observed at lower
dose levels, perhaps secondary to natural killer cell binding. Two minor responses have
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been observed (1 neuroendocrine, 1 SCLC patient). The MTD was defined as 60 mg/m2

weekly ×4 q6w (242). A phase 2 extension of this study is being conducted in patients
with relapsed non-pulmonary SCLC. One of the first 10 patients treated had a serious
AE of aseptic meningitis, which resolved within a week. No other drug-related severe
AEs have occurred. PK analysis revealed an increase in both the terminal t1/2 and AUC
in week 2 compared with week 1 in two patients. This prolongation of the terminal t1/2
after initial dosing is consistent with saturation of CD56+ sites such as natural killer
cells. Three patients have shown evidence of clinical activity (one patient each with pre-
liminary evidence of a PR, a nonsustained PR, and a minor response).

6.7. Discodermolide
A potent immunosuppressive lactone, discodermolide (XAA296), was originally iso-

lated from the marine sponge Discodermia dissolute and characterized by researchers
at Harbor Branch Oceanographic Institution in 1990 (244). Discodermolide induces
tubulin polymerization more potently than does paclitaxel, with a 1:1 stoichiometry
with tubulin dimers (245). Discodermolide induces G2/M cell-cycle arrest with an IC50
of 3–80 nM, and paclitaxel-resistant cell lines remain sensitive to discodermolide by
virtue of its decreased affinity for P-glycoprotein (246) (Fig.11). Despite the fact that
paclitaxel and discodermolide bind to the same or overlapping sites on β tubulin, these
agents exhibit in vitro synergy in multiple cell lines (247) as well as enhanced efficacy
when combined in xenograft models (248).

Discodermolide is being clinically developed by Novartis Pharma AG, Switzerland.
In a phase 1 study, patients with solid tumors were administered IV doses of 0.6–19.2
mg/m2 at a fixed infusion rate of 0.77 mg/mL/min (249). No drug-related DLTs have
occurred. The only grade 4 AE was anemia experienced by 1/26 patients. Grade 3 AEs
included one patient each with anemia, vomiting, and fatigue. No neuropathy or neu-
tropenia have been observed. One patient with appendix carcinoma had stable disease
for four cycles. Pharmacokinetic analyses have shown that Cmax was achieved at the end
of infusion, thereafter declining rapidly in a multiphasic manner. By 24 h postinfusion,
blood concentration had decreased to less than 10% of Cmax but then showed nonlinear
PK, suggesting prolonged recycling of drug between tissue and the systemic circulation.
Cmax and AUC ranged from 29 to 482 ng/mL and 103–15211 ng × h/mL, respectively.

7. DISCUSSION

In this chapter, the authors have summarized the clinical data available for anticancer
agents that act on microtubules (with the exception of taxane derivatives, discussed else-
where in this book). By the number of compounds discussed, it is apparent that there is

Fig. 11. Discodermolide (XAA296) (243).
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continuing enthusiasm for the development of agents in this class. Undoubtedly, the
source of this enthusiasm is the medical and financial success of the vinca alkaloids and
taxanes. The decision to take these agents into the clinic was based on this success and
the intent to demonstrate clinical superiority or novelty. All of the agents discussed have
at least one of the following properties: novelty of the tubulin binding site, preclinical
efficacy in taxane-resistant cancer models, or distinctive pharmacokinetic properties.

It is also important to note that one of the main reasons for choosing these agents for
clinical development was their relative lack of cytotoxicity to normal tissue in nonclinical
studies. This group of agents had impressive preclinical antitumor activity with minimal
degree of toxicity to normal tissues both in vitro and in vivo. It is not clear how this
therapeutic index relates to the proximal mechanism of action at the microtubule.

These agents are highly target-specific, as are many of the so-called “molecularly tar-
geted agents” in clinical development. They have been selected for clinical development
partly because the only known molecule of relevance with which they interact is tubu-
lin. Yet unlike the kinases, the cancer specificity of these agents is not a function of an
alteration in microtubule structure or dynamics in cancer cells. There are no known can-
cer specific microtubule abnormalities that are either primarily cancer inducing or spe-
cific targets of antineoplastic therapy. Whereas it is possible that the specific site of
interaction with the microtubule may correlate with the spectrum of activity against
human cancers, only the epothilones’ clinical development is sufficiently mature to sug-
gest a similar spectrum of activity as the taxanes, which bind an identical tubulin site
and similarly alter microtubule dynamics. The clinical data for all the other compounds
discussed in this chapter are insufficient at this time to answer this question.

What can we learn from the aggregate clinical data on these agents? There appears
to be little correlation between the anticancer activity seen in nonclinical models and
that seen in human cancers. Virtually all these compounds exhibited broad-spectrum
anticancer activity, yet few have done so in the clinic to date. The one exception as a
class is the epothilones, where significant activity was seen in several clinical trials
across a diverse spectrum of neoplasms for nearly all agents in the class. The dolastatin
data present a mixed picture. Although these agents have shown virtually no anticancer
activity in most phase 2 trials, the activity reported against renal cell carcinomas
and melanomas merits follow-up. Rhizoxin, though studied less extensively, has also
demonstrated mixed efficacy, with responses in head and neck cancer and NSCLC, but
no activity against melanoma and breast cancers. The colchicine-like compounds have
failed to demonstrate clinically meaningful activity, despite a large body of nonclinical
data suggesting otherwise. The data available for the other compounds described in this
chapter are insufficient to allow conclusions to be drawn about activity across multiple
tumor types.

How will these new agents find a place in the clinical tool chest? The path seems to
be set for each class by the first drug within that class to enter the clinic. For example,
from the earliest clinical trials it was clear that the epothilones possessed significant
antitumor activity, and subsequent trials have shown that the spectrum of activity of
these compounds is very similar to that of the taxanes. Therefore, issues concerning
ease of delivery, activity against taxane refractory or resistant tumors, and side effect
profiles relative to presently approved and investigational taxanes, are likely to influence
the uses of the epothilones. Registrational necessities of the companies developing these
agents will be as important as the medical rationales for disease-specific development,
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as it is unlikely that the resources, as well as the clinical trials necessary to distinguish
one epothilone from another in the same clinical setting, will be sought before FDA
approval for these agents. On the other hand, for classes such as the colchicine-like
agents and dolastatins, the clinical data suggest that if the first compound tested within
a given class fails to demonstrate meaningful anticancer activity early in clinical devel-
opment (assuming adequate PK was achieved), it is unlikely that the other members of
that class will be successful using the same clinical development paradigm. 
In addition, based on preclinical data suggesting antiangiogenic activity against tumor
endothelial cells, many agents in this class are being developed using clinical trial
designs intended to demonstrate antiangiogenic-mediated growth suppression. It is not
yet clear whether these agents are uniquely antiangiogenic, or whether the preclinical
and clinical development strategies are merely accentuating the antiangiogenic poten-
tial of the entire class of tubulin directed agents. When administered using low-dose
metronomic schedules, both the taxanes and the epothilones show biological activity
against tumors and their associated endothelia, consistent with an antiangiogenic mech-
anism of action for examples.

The toxicity profiles of these agents are remarkably similar and familiar. Bone marrow
suppression manifests most prominently in the clinic as reversible neutropenia. It is both
the dose limiting and the most common severe AE seen with many of these agents. A num-
ber of phase 1 trials using these agents have been designed with this in mind, and there-
fore the schedules explored were those thought to maximize drug exposure, while
minimizing neutropenia. Gastrointestinal AEs resulting from mucosal toxicity are also
prominent. Another common cluster of AEs are peripheral sensory and motor neuropathy,
pain syndromes, and neuroconstipation, suggesting that, at least in normal tissues, alter-
ation of the microtubule apparatus by many different mechanisms leads to a common tox-
icity spectrum. Although there are some nonclinical data to suggest that several of these
compounds may possess potent anticancer activity with less neurological injury, these
nonclinical observations have yet to be proven in the clinic.

8. CONCLUSIONS

There is a large number of investigational antitubulin agents in early clinical trials.
The epothilones are the only class sufficiently advanced in clinical development with
promising data to suggest the likelihood of clinical efficacy. For some of the other
classes, the dolastatins and colchicine-like compounds in particular, it is unclear that
therapeutic efficacy will be established, whereas for others it will take additional clini-
cal testing over the next few years before the potential of the agents can be weighed
against the reality of the clinical outcomes. 

Virtually all these agents are derivatives of natural products and despite the similarity
in their toxicity profiles, the anticancer activity profiles are quite diverse. Until more is
known about the cellular consequences of interference with the microtubule by different
means, it is unlikely that development of anticancer agents from this class will be dif-
ferent than it has been for the past several decades. There will unavoidably be phase 1
testing of multiple schedules, and phase 2 testing across a wide spectrum of human can-
cers. However, examination of previous and ongoing efforts to develop this class of
agents suggests that acting on the results from early clinical trial data from the first-
in-class compound could prevent unnecessarily broad development of other compounds
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in that class. Unfortunately, owing to factors unrelated to scientific or clinical knowl-
edge, it is likely that multiple agents within a given class will continue to be subject to
broad concurrent clinical development strategies. Although inefficient, based on previ-
ous experience with successful antimicrotubule agents, it is likely that this process will
yield new agents for clinical use that possess therapeutic advantages over the available
agents in the clinic today.
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Color Plate 1. Fig. 3 Chapter 2: A ribbon diagram representation of ISA0.pdb, the structure of stath-
min–colchicines-tubulin, was rendered with VMD. (See complete caption on p. 26.)

Color Plate 2. Fig. 6 Chapter 2: Log IC50 vs log K for two classes of antimitotic drugs. (See com-
plete caption on p. 35.)



Color Plate 3. Fig. 7 Chapter 2: A ribbon diagram representation of 1JFF.pdb, the structure of tubu-
lin derived from Zn-induced sheets, where the mutations that cause stabilization in cold adapted fish
are highlighted in red, was rendered with VMD. (See complete caption on p. 40.)

Color Plate 4. Fig. 1 Chapter 3: Polymerization of microtubules. (See complete caption on p. 48.)



Color Plate 5. Fig. 2 Chapter 3: Microtubules undergo dynamic instability and treadmilling. (See
complete caption on p. 50.)



Color Plate 7. Fig. 4 Chapter 3: Antimitotic drugs bind to microtubules at diverse sites that can mimic
the binding of endogenous regulators. (See complete caption on p. 58.)

Color Plate 6. Fig. 3 Chapter 3: Dynamic instability and the GTP cap. (See complete caption on p. 55.)



Color Plate 8. Fig. 5 Chapter 3: Microtubules in two human osteosarcoma cells in interphase of the
cell cycle. (See complete caption on p. 63.)

Color Plate 9. Fig. 7 Chapter 3: Caged fluorescence. (See complete caption on p. 65.)



Color Plate 11. Fig. 10 Chapter 3: Organization of the mitotic spindle in human osteosarcoma cells
throughout mitosis and in the presence of antimitotic drugs. (See complete caption on p. 70.)

Color Plate 10. Fig. 8 Chapter 3: Speckle microscopy. (See complete caption on p. 66.)



Color Plate 12. Fig. 1 Chapter 4: Schematic diagram of the major MAPs. (See complete caption
on p. 85.)

Color Plate 13. Fig. 2 Chapter 4: MAP binding to microtubules. (See complete caption on p. 85.)

Color Plate 14. Fig. 3 Chapter 4: Schematic model of interactions of MAPs with microtubules. (See
complete caption on p. 86.)



Color Plate 16. Fig. 5 Chapter 4: Structure of tubulin-colchicine: RB3-tubulin complex. (See complete
caption on p. 96.)

Color Plate 15. Fig. 4 Chapter 4: Schematic diagram of the stathmin-family of proteins. (See complete
caption on p. 95.)



Color Plate 18. Fig. 1 Chapter 9: Ribbon diagram of the tubulin dimer structure. (See complete caption
on p. 213.)

Color Plate 17. Fig. 1 Chapter 8: Model of the tubulin α/β-heterodimer. (See complete caption
on p. 196.)
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Color Plate 21. Fig. 4 Chapter 9: Protofilament and interface structures. (See complete caption
on p. 216.)

Color Plate 20. Fig. 3 Chapter 9: Topological structures around the nonexchangeable nucleotide site.
(See complete caption on p. 215.)



Color Plate 22. Fig. 5 Chapter 9: Cross-section of the three-dimensional microtubule density map. (See
complete caption on p. 218.)

Color Plate 23. Fig. 6 Chapter 9: Surface view of the microtubule density map, seen from the out-
side with the plus end up. (See complete caption on p. 219.)



Color Plate 24. Fig. 7 Chapter 9: Protofilament arrangements and contacts in (A) microtubules, (B)
the Zn-sheets. (See complete caption on p. 220.)

Color Plate 25. Fig. 8 Chapter 9: The Taxol-binding site. (See complete caption on p. 221.)

Color Plate 26. Fig. 9 Chapter 9: Superposition of Taxol (yellow) and epothilone-A (blue) in the con-
formations and orientations in which they bind tubulin. (See complete caption on p. 222.)



Color Plate 29. Fig. 4 Chapter 11: Structures of (7S,aR)-(_)-colchicine (left) and (7R,aS)-(+)-colchicine
(right), illustrating the atropisomers of the colchicine ring system. (See complete caption on p. 268.)

Color Plate 28. Fig. 4 Chapter 10: Model of the HTI-286 and vinblastine photolabeling domains in
tubulin. (See complete caption on p. 242.)

Color Plate 27. Fig. 10 Chapter 9: Detail of the interface between protofilaments, as seen from the
inside of the microtubule. (See complete caption on p. 223.)



Color Plate 30. Fig. 6 Chapter 11: Isocolchicine vs colchicine. (See complete caption on p. 269.)

Color Plate 31. Fig. 8 Chapter 11: Stereoview of one of the tubulin-colchicine complexes from the
crystal structure of tubulin/ colchicine:stathmin-like domain complex (PDB 1SA0). (See complete
caption on p. 272.)

Color Plate 32. Fig. 9 Chapter 11: Stereoview of the colchicine-binding site of tubulin/colchicine:
stathmin-likedomain complex (PDB 1SA0). (See complete caption on p. 273.)



Color Plate 33. Fig. 1 Chapter 12: The position and exposure of cysteine 239 in β-tubulin (βcys239). (See
complete caption on p. 286.)



Color Plate 34. Fig. 3 Chapter 13: Paclitaxel-induced tubulin polymerization in vitro. (See complete cap-
tion on p. 311.)

Color Plate 35. Fig. 4 Chapter 13: Paclitaxel-induced mitotic arrest with aster formation in vivo. (See
complete caption on p. 312.)

Color Plate 36. Fig. 3 Chapter 14: Structure of an αβ-tubulin heterodimer. (See complete caption on
p. 347.)



Color Plate 38. Fig. 2 Chapter 15: Structures of taxane-binding site microtubule stabilizing drugs. (See
complete caption on p. 362.)

Color Plate 37. Fig. 1 Chapter 15: An overview of some of the ligand-binding sites on the αβ-tubulin
dimer. (See complete caption on p. 359.)



Color Plate 40. Fig. 4 Chapter 15: The Ala364 cluster representing the βAla364Thr mutation seen in the
ovarian carcinoma 1A9 cells. (See complete caption on p. 368.)

Color Plate 39. Fig. 3 Chapter 15: The Asp26, Phe270, Ala364, and Glu198 residues are mutated fol-
lowing drug selection with Taxol™. (See complete caption on p. 367.)



Color Plate 42. Fig. 6 Chapter 15: Representation of the locus of the βGlu198Gly mutation induced
by Taxol™-selection in the MDA-MB-231 breast cancer cells. (See complete caption 
on p. 369.)

Color Plate 41. Fig. 5 Chapter 15: Binding models of Taxol™ and taxotere in the taxane-binding
pocket of the βAsp26Glu mutant seen in the epidermoid carcinoma KB-31 cells. (See complete 
caption on p. 369.)



Color Plate 44.  Fig. 8 Chapter 15: The αSer379Arg mutation is located on strand B10 in α-
tubulin. (See complete caption on p. 371.) 

Color Plate 43. Fig. 7 Chapter 15: The αβ-tubulin dimer illustrating the spatial relationships of GDP,
GTP, Taxol™, and αSer379 in the context of the Taxol™-induced αSer379Arg mutation in the A549
lung cancer cells. (See complete caption on p. 370.)



Color Plate 46. Fig. 10 Chapter 15: At lower left, Ala231 (magenta) surrounded by a hydrophobic
pocket (green) is subjected to the Ala231Thr mutation, which presumably perturbs the His227 inter-
action with dEpoB (represented by EpoA at their binding pocket). (See complete caption on p. 374.)

Color Plate 45. Fig. 9 Chapter 15: Environment around the C-3 to C-7 oxygen substituents of EpoA
bound to β-tubulin. (See complete caption on p. 372.)



Color Plate 48. Fig. 12 Chapter 15: Fluorescence in situ hybridization analysis of 1A9 cells Depicts
tubulin LOH in the drug-resistant 1A9-A8 cells. (See complete caption on p. 379.)

Color Plate 47. Fig. 11 Chapter 15: Taxol™ and EpoA tubulin-bound structures overlap as determined
by the corresponding electron crystallographic structures. (See complete caption on p. 376.)



Color Plate 50. Fig. 15 Chapter 15: Structures of Vinca-binding site microtubule-destabilizing drugs. (See
complete caption on p. 380.)

Color Plate 49. Fig. 13 Chapter 15: Schematic representation of Evolution of Microtubule-Targeting
Drug-Induced Resistance. (See complete caption on p. 379.)



Color Plate 52. Fig. 17 Chapter 15: Photoaffinity labeled peptides and mutations around the Vinca site.
(See complete caption on p. 383.)

Color Plate 51. Fig. 16 Chapter 15: The colchicine and podophyllotoxin binding sites as deter-
mined by X-ray crystallography. (See complete caption on p. 381.)



Color Plate 54. Fig. 19 Chapter 15: The local environments of the βAsn100Ile and βLeu240Ile muta-
tions. (See complete caption on p. 384.)

Color Plate 53. Fig. 18 Chapter 15: Closeup of the photoaffinity labeled peptides and mutations
around the Vinca site. (See complete caption on p. 384.)



Color Plate 56. Fig. 21 Chapter 15: Local environments of the αAla12Ser, βSer172Ala, and
βArg221His mutations. (See complete caption on p. 387.)

Color Plate 55. Fig. 20 Chapter 15: Photoaffinity labeled peptides and mutations around the α-tubulin
hemiasterlin-binding site. (See complete caption on p. 386.)



Color Plate 57. Fig. 22 Chapter 15: A potential interaction train for αSer165Pro and βSer172Ala across
the αβ-tubulin dimer interface (dotted line); αSer165 (magenta), βSer172 (green). (See complete cap-
tion on p. 388.)

Color Plate 58. Fig. 1 Chapter 18: Cellular morphology of human mitotic and apoptotic cells. (See
complete caption on p. 480.)



Color Plate 59. Fig. 2 Chapter 18: Two main pathways to apoptosis. (See complete caption 
on p. 483.)



Color Plate 62. Fig. 5 Chapter 18: Models for release of mitochondrial intermembrane space fac-
tors. (See complete caption on p. 488.)

Color Plate 61. Fig. 4 Chapter 18: Potential role of Bcl-2 family proteins in the mitochondrial perme-
ability. (See complete caption on p. 486.)

Color Plate 60. Fig. 3 Chapter 18: Linear structure of antiapoptotic Bcl-2, proapoptotic Bax, and
proapoptotic Bim. (See complete caption on p. 485.)



Color Plate 64. Fig. 1 Chapter 19: Tubulin-targeting agents. (See complete caption on p. 520.)

Color Plate 63. Fig. 6 Chapter 18: Schematic representations of mammalian IAPs. (See complete cap-
tion on p. 490.)

Color Plate 65. Fig. 2 Chapter 19: Effects of vascular disrupting agents. (See complete caption
on p. 521.)



Color Plate 66. Fig. 1 Chapter 21: Domain structure of the 6-tau isoforms expressed in the central
nervous system. (See complete caption on p. 561.)



Color Plate 67. Fig. 4 Chapter 21: Three possible pathways of tau-mediated neuronal cell death. (See
complete caption on p. 567.)
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SUMMARY

Nowadays, molecules that affect microtubule functions, the so-called Microtubule-
Damaging Agents (MDAs), constitute a class of anti-cancer drugs largely used in the
clinics. Interest for MDAs is accompanied with advances in the fundamental under-
standing of their mechanism of action, including tumor cell death induction. MDAs
have shown a high ability to induce apoptosis, programmed and tightly regulated cell
death that is not or insufficiently activated in cancer cells. Here, the major intracellular
signaling cascades responsible for apoptosis are first reviewed, focusing on the
mitochondrial pathway. Then, the molecular and cellular mechanisms involved in the
pro-apoptotic activity of MDAs are precised. Especially, the modulation of Bcl-2 family
members that triggers mitochondrial membrane permeabilization is described, as well
as the release of pro-apoptotic factors from the intermembrane space, and the final
activation of caspases that leads to the biochemical destruction of the cell. Since
MDAs inhibit microtubule functions and generally perturbate cell cycle progression,
microtubule-linked proteins and cell-cycle progression regulators are proposed as can-
didates to control the apoptotic machinery. Other factors, such as MAPKs, stress
markers, and survival factors, are also reviewed as modulators of the cell survival/death
balance. Lastly, the direct effects of MDAs on mitochondria and the possible involve-
ment of the tubulin/microtubule system in this phenomenon are discussed. Altogether,
these data highlight the crucial role played by mitochondria in MDA-induced apopto-
sis, and propose that mitochondria should be investigated as a target of choice to
improve cancer therapy.

Key Words: Apoptosis; mitochondria; microtubule; tumor cell; anti-cancer drug;
taxane; Vinca alkaloid.
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1. INTRODUCTION

The word “apoptosis” comes from the ancient Greek, meaning the falling off of leaves
from a tree in autumn. The phenomenon of cellular apoptosis (Fig. 1) was first described
by Kerr in 1972 (1). Apoptosis is associated with biochemical and physical changes
involving the cytoplasm, the nucleus, and the plasma membrane in an orderly fashion.
Apoptotic cells are characterized by loss of cell membrane phospholipid asymmetry,
condensation of chromatin, reduction in nuclear size, internucleosomal DNA cleavage
(recognized as a DNA ladder on agarose gels), shrinkage of the cell, membrane blebbing,
and breakdown of the cell into membrane-bound apoptotic bodies. These bodies are sub-
sequently phagocytized. Normal apoptosis is genetically regulated in Caenorhabditis
elegans and mammalian homologs of the C. elegans death genes have been identified
(2,3). Apoptosis is a programmed and highly regulated physiological response in which
cell death occurs without collateral damage to surrounding tissues, in contrast with
necrosis. For maintaining cell homeostasis, a balance between the increase (by prolifer-
ation) and the decrease (by terminal differentiation and cell death) in cell number has to
be tightly regulated (4,5). Apoptosis is one of today’s more active fields of biomedical
research because of the recognition that many deseases involve too much apoptosis 
(i.e., AIDS and neurodegenerative diseases such as Parkinson’s disease and Alzheimer’s
disease) or too little apoptosis (i.e., autoimmune diseases and cancer) (6,7).

Diverse signals are able to trigger apoptosis including ultraviolet (UV) or γ-irradiation,
oxidative damage, cytokines such as tumor necrosis factor (TNF)-α and transforming
growth factor-β, growth factor withdrawal as well as chemotherapeutic drugs. Studies
performed during a decade demonstrated that all classes of currently available anticancer
drugs, including those that target DNA integrity or cytokinesis, induce apoptosis in sus-
ceptible cell types, but apoptotic pathways are not clearly understood. The induction of
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Fig. 1. Cellular morphology of human mitotic and apoptotic cells. Neuroblastoma SK-N-SH cells were
incubated with paclitaxel for 24 h and visualized by transmission electron microscopy. One cell remains
apparently intact (I), three are arrested in mitosis (M), as indicating by the distribution of chromosomes
on the metaphasic plate, and one is apoptotic (A), with a highly condensed DNA and numerous
vacuoles. To view this figure in color, see the insert and the companion CD-ROM.



apoptosis is correlated with tumor response and clinical outcome in cancer patients.
Resistance to apoptosis causes a decrease in the sensitivity of cancer cells to drugs,
resulting in the failure of chemotherapy. The realization that apoptosis is inhibited in
cancer cells, coupled with improved understanding of apoptotic pathways, leads to
development of new therapies that directly target the apoptotic machinery.

Paclitaxel has been the most studied microtubule-damaging agent (MDA), and many
of its actions in signaling and apoptosis are thought to be extended to other MDAs that
affect the tubulin-microtubule equilibrium. Among MDAs, taxanes interact with micro-
tubules (polymerized tubulin) and prevent microtubule depolymerization, whereas the
Vinca alkaloids interact both with dimeric tubulin and microtubules and prevent poly-
merization. Both classes of MDAs suppress microtubule dynamics. These molecules
were initially characterized as mitotic inhibitors, and their anticancer activity was attributed
to their capacity to inhibit cell division through microtubule network disruption (8–10).
Mitotic arrest induced by MDAs is believed to be a consequence of suppression of
mitotic spindle microtubule dynamics, which prevents proper chromosome alignment at
the metaphase plate, resulting in a sustained block at the metaphase–anaphase transition
and ultimately an apoptotic cell death (11). However, the biochemical events that lead to
apoptosis downstream of inhibition of microtubule dynamics are not understood (12).

Although the arrest of the cell cycle at mitosis is often related to MDA-induced apop-
tosis, substantial evidence indicates that it is not the only cell cycle disturbance that can
lead to cell death. Actually, apoptosis can occur either directly after a sustained mitotic
arrest or following an aberrant exit from mitosis into a multinucleate interphase (13), or
even following a blockage in other cell-cycle phases. Vincristine induces apoptotic cell
death in chronic lymphocytic leukemia B-cells that are in G0/G1 phase of the cell cycle
indicating that the antimitotic action of Vinca alkaloids cannot explain the death of these
cells (14). The relationship between the distinct phases of cell-cycle arrest and apoptosis
varies according to drug concentration. At low-paclitaxel concentrations, A549 cell death
may occur after an aberrant mitosis by a Raf-1-independent pathway, whereas at higher
paclitaxel concentrations, death of the same cells may be the result of a terminal mitotic
arrest occurring by a Raf-1-dependent pathway (15). Low concentrations of paclitaxel
can induce a p53- and/or p21-dependent G1 and G2 arrest before apoptosis (16). 

The relationship among alteration of the microtubule network, the slowing or com-
plete block at mitosis, and ensuing apoptosis, may also depend on the cell line. Indeed,
Blajeski et al. (17) showed that high concentrations of nocodazole or vincristine block
seven of ten breast cancer lines in mitosis, whereas they cause a p21-associated G1 and
G2 arrest in the other three. Moreover, mitosis and apoptosis may be uncoupled accord-
ing to the differentiation status of the cell. In colon adenocarcinoma HT29-D4 prolifer-
ating cells, paclitaxel induces mitosis and then apoptosis whereas in differentiated
HT29-D4 cells, apoptosis is only induced at very high drug concentration without sig-
nificant change in the microtubule network or mitotic block (18). Most of MDAs pro-
mote similar signal transduction events leading to apoptosis although it is conceivable
that different drug-binding sites and different ways of inhibiting of cell dynamics may
result in specific alterations in certain signaling pathways.

In the Subheading 2, of this chapter, the current state of knowledge of the apoptotic
signal pathways in cancer cells is described, especially detailing those involved in
MDA-induced apoptosis. Then how MDAs can trigger the cascade of apoptotic events
is explained, focusing in the Subheading 4, on their direct action on mitochondria.
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2. DESCRIPTION OF APOPTOTIC SIGNALING PATHWAYS

2.1. Two Major Apoptotic Routes
Within the past few years, most researchers who have focused on apoptosis have put

mitochondria at the center of the apoptotic pathways (19). These organelles, well-
known as the main source of cellular energy, play a critical role in the regulation of
apoptosis by acting as a reservoir for proapoptotic proteins such as cytochrome-c,
Smac/Diablo (second mitochondria-derived activator of caspases/direct inhibitors of
apoptosis [IAP]-binding protein), apoptosis-inducing factor (AIF), endonuclease G, and
procaspases. The release of these proteins activates appropriate downstream signaling
cascades leading to the morphological hallmarks of apoptosis. Cytotoxic agents induce
two main apoptotic signaling pathways according to the cascade of events upstream of
mitochondria, the extrinsic and the intrinsic pathways (20,21) (Fig. 2).

2.1.1. DEATH RECEPTOR PATHWAY

The extrinsic pathway is also called the death receptor pathway. Death receptors
identified to date include Fas/CD95, TNFR 1, DR3, DR4, DR5, and DR6 of the
TRAIL receptor superfamily (22). Activation of the death receptor, by binding of a
specific ligand to its extracellular domain, induces the formation of the death-inducing
signaling complex (23,24), which serves for the activation of caspase-8 and the sub-
sequent apoptotic signaling pathway (25). The extrinsic pathway is independent of
mitochondria with caspase-8 directly activating downstream caspases such as cas-
pase-3 (26). In this case, apoptosis cannot be inhibited by Bcl-2-like survival proteins
(27). However, the extrinsic pathway cross-interacts with the mitochondrial pathway
when caspase-8 cleaves Bid, leading to the translocation of the truncated form of Bid
to mitochondria where it works to release cytochrome-c (28). The death receptor
pathway has been proposed to play a role in the development and functioning of the
immune system (29), and also in apoptosis induced by some anticancer drugs such as
doxorubicin in neuroblastoma (30). However, it does not seem to be activated by
MDAs (31–36), even though these drugs can modify the level of expression of death
receptors and their ligands (35,36).

2.1.2. INTRINSIC MITOCHONDRIAL APOPTOTIC PATHWAY

By contrast, the intrinsic pathway is mostly triggered by death receptor-independent
apoptotic stimuli such as UV and γ-irradiation, chemotherapeutic drugs, viruses, bacte-
ria, the removal of cytokines, neurotrophins, and growth factors, or by anoikis. In the
intrinsic pathway, most of the cellular apoptotic signals converge on the mitochondria,
triggering the release of apoptogenic proteins through an increase in mitochondrial
membrane permeability. This process is under the control of the proapoptotic/antiapop-
totic ratio of the Bcl-2 family members. However, it involves a mechanism not well-
defined as discussed later. The proteins released into cytosol promote apoptosis either
through caspase activation (cytochrome-c, Smac/Diablo, Omi/HtrA2), or in a caspase-
independent manner (endonuclease G, AIF). Caspase activation leads to the cleavage of
a number of nuclear and cytoplasmic substrates, including those responsible for nuclear
integrity, cell-cycle progression, and DNA repair.

It has now become evident that mitochondria act as integrators of proapoptotic sig-
nals, transducing them to the final execution machinery of apoptosis. The following
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Fig. 2. Two main pathways to apoptosis. Activation of the death receptor pathway, by binding of
death-inducing ligands, directly results in the caspase cascade initiation and subsequent substrate
cleavage, without involvement of mitochondria. The intrinsic pathway activation leads to the
mitochondrial permeabilization and thus to the release of proapoptotic factors. Among them,
cytochrome-c forms a cytosolic complex (apoptosome) with the apoptosis activating factor-1 (Apaf-1),
ATP, and the procaspase-9, which results in the caspase cascade initiation. Smac/Diablo and
Omi/Htra2 are also released from mitochondria and enhance the caspase activity by preventing
action of the inhibitor of apoptosis proteins (IAPs). The intrinsic pathway may also operate
through a caspase-independent mechanism, which involve the release from mitochondria and
translocation to the nucleus of AIF or endonuclease G. Mitochondrial integrity is maintained by
Bcl-2-like survival factors, whereas BH3-only and Bax-like proteins induce mitochondrial perme-
abilization upon apoptotic signals (see Fig. 3). Finally, caspase-8 can make a link between the two
pathways by activation of Bid in a truncated form. To view this figure in color, see the insert and
the companion CD-ROM.



Subheading 2.2, will describe the Bcl-2 family proteins involved upstream of mitochon-
dria, then the changes in mitochondrial permeability leading to the release of proapop-
totic factors, and finally the subsequent events downstream of mitochondria.

2.2. Bcl-2 Family Proteins
Higher eukaryotes possess up to 30 Bcl-2 family homologs that can be grouped into

three categories: one group of Bcl-2-like survival factors and two groups that promote
cell death named the Bax-like and the BH3-only families (Table 1) (reviewed in refs.
37,38). Their structure reveals a structural homology with bacterial pore-forming toxins
forming pores, suggesting that members of the Bcl-2 family may form membrane pores
(39). Two post-translational modifications, phosphorylation, and proteolytic cleavage
have regulatory function on the activity of most Bcl-2 members.

2.2.1. BCL-2-LIKE SURVIVAL FACTORS

Overexpression of Bcl-2-like proteins has been largely shown to suppress apoptosis
induced by several factors, including MDAs (40). Members of this subfamily contain
3–4 Bcl-2 homology domains, which are required for their survival functions (Fig. 3).
These domains mediate the interaction of Bcl-2-like proteins with other protein partners
as proapoptotic members of the Bcl-2 family. The BH1–3 domains form a hydrophobic
groove that constitutes the functional part of the protein. The N-terminal BH4 domain
stabilizes this structure, but is not present in all Bcl-2-like members (reviewed in ref. 38).
The C-terminal domain helps to insert these proteins at the cytoplasmic face of organelles
such as the outer mitochondrial membrane. 

Bcl-2-like members maintain mitochondrial integrity in the absence of any apoptotic
signal. Through their hydrophobic groove, they can interact with proteins that contain a
BH3 region. Moreover, proteins that do not contain a BH3 domain have been found to
interact with Bcl-2, either in the hydrophobic groove or in the BH4 domain (41). The
antiapoptotic function of the Bcl-2-like protein family is regulated by phosphorylation
of residues in the loop domain. Once hyperphosphorylated during mitosis, Bcl-2-like
members become ineffective in preventing apoptosis induced by anticancer drugs (42).
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Table 1
The Bcl-2 Family Members 

Bcl-2 family Antiapoptotic Proapoptotic Proapoptotic 
groups Bcl-2-like Bax-like BH3-only

Bcl-2 Bax Bik/Nbk
Bcl-xL Bak Blk
Bcl-w Bok/Mtd Hrk/DP5
Mcl-1 Bcl-x BNIP3
A1/Bfl-1 BimL/Bod
NR-13 Bad
Boo/Diva/Bcl1-L-10 Bid
Bcl-B Noxa

PUMA/Bbc3
Bmf

Proteins are classified in three groups: one corresponds to survival factors (Bcl-2-like) and the two
others to apoptosis-inducers (Bax-like and BH3-only proteins).



Although the kinase responsible for Bcl-2 phosphorylation has not been clearly identi-
fied, good candidates are cyclin-dependent kinases (CDKs) and mitogen-activated pro-
tein kinase (MAPKs)—especially [c-Jun N-terminal kinase] JNK—as described in the
Subheading 3. Bcl-2-like survival factors can also be converted into proapoptotic pro-
teins after proteolytic cleavage by caspases and calpains (43).

2.2.2. BAX-LIKE DEATH FACTORS

Members of the Bax-like family have sequences similar to those found in Bcl-2
(BH1–3 domains). Most of them lack the N-terminal BH4 domain of the Bcl-2-like sur-
vival proteins, converting them into proapoptotic factors (Fig. 3). Bcl-XS is an exeption
as it is the only proapoptotic member of this subfamily with a BH4 domain and with-
out BH1 and BH2 domains (38). Bax was the first family member discovered and thus
the most studied member of this group. It is cytosolic and the mechanism by which it
associates with mitochondrial membranes when apoptosis is triggered is not fully
understood (38,44). It has been proposed that Bax or Bak undergoes a conformational
change and thus translocates to mitochondria where it stably inserts into the outer mem-
brane by a transmembrane domain (45,46). The apoptosis-associated speck-like protein
(ASC) could function as an adaptator molecule for Bax and, on p53 induction, may
participate in its translocation to mitochondria (47). It has become widely accepted that
Bax acts on mitochondria to increase permeability and to mediate the release of
proapoptotic factors from the intermembrane space into the cell cytosol (48,49). At this
point, Bax can be inhibited by an interaction with Bcl-2-like survival factors. When
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Fig. 3. Linear structure of antiapoptotic Bcl-2, proapoptotic Bax, and proapoptotic Bim. BH: Bcl-2
homology domain. α5/α6 helix are pore-forming units and the C-terminal hydrophobic α-9 anchors
the proteins in intracellular membranes. The BH3 domain in the proapoptotic members is a ligand for
the hydrophobic pocket formed by the BH1–3 domains of the survival factors. To view this figure in
color, see the insert and the companion CD-ROM.



these factors are absent or inactivated, Bax can oligomerize in the outer membrane to
form a pore (50). It is still not certain whether Bax forms channels on its own or works
by interacting with pre-existing outer mitochondrial membrane channels (see Section 2.3).

2.2.3. BH3-ONLY PROTEINS

In contrast with the other proapoptotic proteins (Bax-like), these factors have only
the short BH3 domain, hence their name (Fig. 3). In mammalian cells, BH3-only pro-
teins are activated by different mechanisms in response to an apoptotic signal. Although
they have a common proteolytic sequence, Bad and the other members of this subfam-
ily have distinct localizations and/or different ways of activation (Fig. 4). On induction
of apoptosis, the BH3-only proteins are activated and translocated to mitochondria
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Fig. 4. Potential role of Bcl-2 family proteins in the mitochondrial permeability. In healthy cells,
active Bcl-2-like survival proteins localize on mitochondrial membranes, whereas inactive BH3-only
and Bax-like proteins are normally cytoplasmic (and probably also loosely bound to mitochondria in
a nonrepresented inactive form). In response to apoptotic signals, rates of active BH3-only proteins
increase through different mechanisms. Sequestered Bim and Bmf are released from microtubules and
microfilaments respectively. Bid is truncated through a caspase 8-mediated proteolysis. Noxa, Puma,
and Hrk are upregulated at the transcriptional level. Bad is dephosphorylated and thus released from
the 14-3-3 scaffold protein. These activated BH3-only proteins then translocate to mitochondria where
they neutralize Bcl-2-like survival factors. In addition, the apoptotic signals trigger a strong change in
Bax-like protein conformation. It leads to their stable insertion into the outer mitochondrial membrane
that can provoke mitochondrial membrane permeabilization (see Fig. 7). Some BH3-only proteins, like
tBid, may stimulate the Bax-like protein oligomerization and thus enhance their proapoptotic effects.
To view this figure in color, see the insert and the companion CD-ROM.



where they participate in membrane permeabilization. When phosphorylated at serine
residues by Akt, Raf-1, or protein kinase A (PKA) (51–53), Bad is sequestered in the
cytoplasm by binding to 14-3-3 proteins (54). It is dephosphorylated when apoptosis is
triggered, released from 14-3-3, and thus becomes free to interact with Bcl-2-like sur-
vival factors. In contrast with Bad, phosphorylation of Bik increases its proapoptotic
potency by a mechanism that does not affect its affinity for Bcl-2-like survival proteins
(55). Bid is normally activated by a caspase-8-dependent proteolytic cleavage, in
response to death-receptor activation. However, it can also be cleaved by other caspases,
suggesting that its function may not be limited to the death-receptor pathway and that it
could have a role in the intrinsic pathway. The inactive cytosolic form of Bid is cleaved
into a truncated fragment (tBid) that translocates to mitochondria. This targeting of tBid
is facilitated by N-myristoylation (56) and by its high-affinity binding to cardiolipin, a
mitochondrial specific lipid. 

In contrast with most of the BH3-only proteins that are localized in the cytoplasm
until their activation, Bim and Bmf are kept inactive by sequestration by the cytoskele-
ton. Bim is produced as three major alternative spliced products from the same gene,
BimEL, BimL, and BimS. The first two of these, BimEL and BimL, are normally
sequestered in the microtubular dynein motor complex by binding to the dynein light
chain LC8 (57) whereas Bmf is sequestered to the actin cytoskeleton-based myosin-V
motor complex by association with the dynein light chain 2 (58). Translocation of Bim
or Bmf proteins to mitochondria is triggered by disruption of the cytoskeleton, by a
mechanism not yet fully elucidated (see Subheading 3.2).

2.2.4. INTERACTIONS AMONG BCL-2 FAMILY MEMBERS

The relative levels of pro and antiapoptotic members of the Bcl-2 family determine the
cell’s susceptibility to apoptosis. Several members of this family are capable of forming
death-promoting or death-inhibiting homo and/or heterodimers (59,60). How these fac-
tors interact to regulate the apoptotic process is not fully understood. Activated BH3-only
proteins can interact with Bcl-2-like and Bax-like proteins because members from these
two subfamilies contain a hydrophobic pocket, the binding site of BH3-only. However,
these interactions are restricted by intracellular compartmentalization in the membranes
where Bcl-2 is localized. Additional regulation by cellular proteins that are not present
under in vitro-binding conditions cannot be excluded. Both types of proapoptotic pro-
teins seem to be required to initiate apoptosis: the BH3-only proteins acting as damage
sensors and direct antagonists of the prosurvival proteins, and the Bax-like proteins act-
ing further downstream, probably in mitochondrial disruption (61–63). 

Current models emphasize the role of BH3-only proteins (Fig. 4). In response to an
apoptotic stress, a particular BH3-only protein is activated. It then interacts with Bcl-2-
like survival protein and neutralizes its survival function, probably through alteration of
its conformation and enhancement of its association with mitochondrial membranes
(64). At the same time, inactive forms of Bax-like factors, soluble or loosely attached to
the mitochondrial membrane, undergo a conformational change, eventually assisted by
BH3-only proteins (65). Bax-like factors then become active by stably inserting into the
mitochondrial outer membranes. They provoke membrane permeabilization to release
caspase-activating and other proapoptotic factors. However, the mechanism allowing
the release of proteins localized in the intermembrane space to the cytosol remains to
be further defined.
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2.3. How are Mitochondrial Proapoptotic Factors Released?
A large variety of proteins are released when the outer mitochondrial membrane is

perforated, as revealed by proteomic analysis under in vitro tBid-treatment of mitochondria
(66,67). Different models have been proposed to explain how mitochondria release
apoptogenic factors (Fig. 5). Cytochrome-c was the first characterized mitochondrial
factor shown to be released from the mitochondrial intermembrane space and much
effort has been directed toward elucidating its mechanism of release. A massive
cytochrome-c release has been largely associated with a mitochondrial membrane
potential (ΔΨm) dissipation (reviewed in ref. 68).

The mitochondrion is surrounded by a double membrane that divides it into two com-
partments: the intermembrane space and the matrix. A transmembrane channel, called
the permeability transition pore (PTP), is localized at the contact sites between the outer
and the inner membrane. It is a complex of several proteins not yet fully determined.
The main proteins are the voltage-dependent anion channel (VDAC, a mitochondrial
porin) in the outer membrane and the adenine nucleotide translocator in the inner mem-
brane. The PTP is closed during normal mitochondrial functioning, as a proper ΔΨm 
is essential to maintain oxidative phosphorylation, adenosine 5′-triphosphate (ATP) 
synthesis, and thus cell survival. PTP opening can operate in two distinct states: a low-
conductance state when the pore is partly open, permeable to molecules <300 Da, with
a reversible decrease in ΔΨm, and the high-conductance state when the pore is perme-
able to molecules <1500 Da with an irreversible collapse of the ΔΨm (69). 

Two main models of how PTP opening may be involved in the induction of
cytochrome-c release have been proposed (70). The first is the PTP-induced mitochon-
drial swelling model, also called the VDAC opening model. This model requires that the
apoptosis inducing agent directly interacts with the PTP, leading to its opening, to a
rapid mitochondria depolarization (ΔΨm collapse) and to matrix swelling. Opening of
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Fig. 5. Models for release of mitochondrial intermembrane space factors. PTP: permeability transition
pore; IMS: intermembrane space; ANT: adenine nucleotide translocator; VDAC: voltage-dependent
anion channel. Proapoptotic factors translocate to cytosol by PTP opening or by formation of channels
made up of Bax-like proteins, alone or in association with other mitochondrial components (proteins
or lipids). As described before (see Fig. 6), Bcl-2 proteins inhibit the mitochondrial permeabilization,
whatever the way used for proapoptotic factor release. To view this figure in color, see the insert and
the companion CD-ROM.



the PTP can be reversed by agents as cyclosporin A. Moreover, this mechanism of PTP
opening can be preceded by the VDAC closure model. Actually, an early transient
hyperpolarization of the mitochondrion has been reported. Closure of VDAC leads to
the failure of mitochondria to maintain ATP/ADP exchange with the cytosol and a
decrease in F0F1-ATP synthetase activity, resulting in hyperpolarization of the mito-
chondria. When it occurs, this event is followed by the mitochondrial swelling, rupture
of the outer membrane, and release of proapoptotic factors into the cytosol (68). The
second model is the PTP-nonswelling model that has been observed in isolated mito-
chondria. Cyclosporin A can also inhibit PTP opening in this model. The release of
cytochrome-c is induced by low concentrations of recombinant Bax or truncated Bid
without mitochondrial matrix swelling or rupture of the outer membrane. The transient
opening of the PTP may explain the absence of swelling.

However, PTP involvement remains controversial and other models for cytochrome-
c release exist. A nonspecific rupture of the outer membrane and the formation of con-
ducting channels in the outer membrane have been postulated (71). Contrary to the
former models, Bcl-2 familly members, and not the PTP, are the major players. The
proapoptotic members insert into the outer membrane where they oligomerize and form
protein-permeable channels in an autonomous fashion. To date, formation of a Bax
channel (consisting four Bax molecules) and Bax-Bid-lipidic pores have been described
(72). Moreover, VDAC can play an essential role in the increase of outer membrane per-
meability, independently of the occurrence of permeability transition events (73). It is
regulated by the Bcl-2 family proteins through a direct interaction. For example, chan-
nels formed by a collaboration between Bax and VDAC have been proposed, allowing
an increase in the size of the pore for releasing molecules of molecular masses >15,000
Da (reviewed in ref. 48).

Finally, it is still not clearly defined whether the other mitochondrial intermem-
brane proteins are released simultaneously by a mechanism similar to cytochrome-c
release. The action of caspases would be required for release of AIF (74). These data
raise the question about the functional hierarchy among caspase activation, AIF
release, and mitochondrial permeabilization (75). The involvement of mitochondrial
bioenergetics in outer membrane permeabilization is not yet elucidated. Particularly,
the role of the transient mitochondrial hyperpolarization before cytochrome-c release
is unknown.

2.4. Signaling Downstream of Mitochondria
2.4.1. ROLE OF APOPTOGENIC PROTEINS RELEASED FROM MITOCHONDRIA

Release of cytochrome-c from mitochondria into the cytosol has been implicated as
an important step in apoptosis. Once in the cytosol, cytochrome-c binds to the apoptotic
protease activating factor (Apaf)-1, triggering formation of the apoptosome (76). This
oligomeric complex contains seven molecules each of Apaf-1, cytochrome-c, (d)ATP,
and procaspase-9 (Fig. 2). Procaspase-9 is the initiator caspase of the apoptosome, the
first caspase activated downstream of the mitochondria.

There have been 14 mammalian caspases identified to date. They are synthesized as
precursors that, under apoptotic conditions, undergo a proteolysis-mediated activation by
other caspases in a cascade. Functionally, three classes of caspases have been distin-
guished: the initiator caspases that are characterized by long prodomains containing
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either a death effector domain (caspases-8 and caspase-10) or a caspase recruitement
domain (caspase-2 and caspase-9), the effector caspases, which contain short
prodomains (caspase-3, caspase-6, and caspase-7), and the remaining caspases for which
the main role depends on cytokine maturation more than on apoptosis. The majority of
procaspases and activated-caspases are present in the cytosol, but some have also been
localized in subcellular compartments such as mitochondria and the nucleus, and may be
redistributed during the apoptotic process (77–80). Each caspase participates in promo-
tion of apoptosis. Upon activation, the prodomains are cleaved off adjacent to aspartic
acid residues, separating the large and small subunits. Initiator caspases cleave and acti-
vate effector caspases. The later caspase in the cascade then cleaves cellular substrates,
leading to the final apoptotic phenotype. The most studied effector caspase is the cytosolic
caspase-3, which is capable of cleaving important cellular substrates such as the DNA
repair enzyme poly(ADP-ribose)polymerase (PARP) and the inhibitor of caspase-activated
DNAse (reviewed in ref. 81). Mitochondria play a key role in the control of apoptosis
because they release cytochrome-c that is a necessary cofactor to initiate the caspase 
cascade (82,83). However, caspase-2 has also been described as being required for perme-
abilization of mitochondria (84,85). In this case, mitochondria are amplifiers of caspase
activity rather than initiators of caspase activation.

In addition to the control of zymogen-form activation, caspase regulation is achieved
by IAPs-mediated inhibition. So far, eight human IAPs have been identified among
which the most studied are X-IAP, c-IAP1, c-IAP2, and survivin (Fig. 6).

They are thought to directly inhibit caspase-3, caspase-7, and caspase-9 (86,87).
However, their activity is not restricted to caspase inhibition and they have roles in cell-
cycle regulation, protein degradation, and caspase-independent signal-transduction cas-
cades (reviewed in ref. 88). Survivin, the smallest member of the mammalian IAP
family, is overexpressed in most of human cancers. A direct association between sur-
vivin and polymerised tubulin has been demonstrated in vitro (89). When expressed
during mitosis, survivin has been shown to localize to various components of the mitotic
apparatus such as the centrosomes, microtubules of the metaphase and anaphase spindle,
and kinetochores (90). Survivin shows a clear cell-cycle-dependent post-translational
regulation. Polyubiquitylation of survivin and proteasome-dependent degradation have
been demonstrated in interphase cells and mitotic phosphorylation of survivin by
CDK1-cyclin B1 has been associated with increased protein stability at metaphase. It is
a particularly interesting protein in MDA-induced apoptosis because it may be consid-
ered both as an apoptotic inhibitor and a mitotic regulator (91).
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Fig. 6. Schematic representations of mammalian IAPs. These proteins contain one to three N-terminal
repeats of an 70-amino acid motif known as a baculovirus IAP repeat (BIR). This motif plays an
important role in caspase inhibition by all IAPs. A C-terminal RING finger domain is also required
for the antiapoptotic activity of some, but not all, IAPs. To view this figure in color, see the insert and
the companion CD-ROM.



Inhibition of caspases by IAPs is relieved by proteins like Smac/Diablo and Omi/Htra2
that are released by mitochondria during changes in permeability (92,93). The proapop-
totic activity of Omi/Htra2 in vivo involves a serine protease activity in addition to its IAP-
binding ability (94), and could also induce a caspase-independent apoptosis (95). 

Besides cytochrome-c and IAP inhibitors, other proapoptotic factors of mitochondrial
origin are released to induce apoptosis independently of caspases (67). AIF and endonu-
clease G are released from mitochondria and translocate to the nucleus where they
cleave chromatin DNA into nucleosomal fragments (96,97). Although their proapoptotic
activity is independent of caspases, their translocation may depend, in part, on caspase
activation (75). Mutations that abolish the AIF-DNA interaction suppress AIF-induced
chromatin condensation, yet have no effect on its NADH oxidase activity (98). Thus, the
apoptogenic and oxidoreductase functions of AIF can be dissociated (99). Recent studies
suggest that AIF could be a major factor involved in caspase-independent neuronal
death, emphasizing the central role of mitochondria in the control of physiological and
pathological cell demise.

2.4.2. MODULATION BY REACTIVE OXYGEN SPECIES, CA2+, AND HEAT SHOCK PROTEINS

Besides the release of proapoptotic factors from mitochondrial intermembrane space,
intracellular “mediators” such as reactive oxygen species (ROS), calcium ion (Ca2+), or
heat shock proteins (HSPs) may be involved in apoptotic signaling. Mitochondria are the
major site of ROS production, because of the activity of complex I and III in the respira-
tory chain, and ROS increase may result from an impairment of the mitochondrial respi-
ratory chain. ROS have been proposed as mediators of apoptosis (100). As shown in
TNF-α-induced apoptosis, Bcl-2 could act as an antioxidant by blocking ROS-mediated
steps in the cascade of apoptotic events (101). An early increase in ROS levels has been
found to precede mitochondrial membrane permeabilization, Bax relocalization, and
cytochrome-c release in apoptosis triggered by several signals (102). In contrast, some
data raise the possibility that ROS increase occurs later, in the execution of the death
program (103). The specific targets of ROS in the apoptotic process have not been eluci-
dated. Mitochondrial ROS lead to general damaging effects on cellular structures and
particularly on mitochondria, including mitochondrial DNA, which in turn, could acti-
vate downstream cascades of events (100,104). Alternatively, the increase in ROS
production could induce an imbalance of intracellular redox status and a subsequent
oxidative stress. The glutathione (GSH) redox cycle is an important antioxidant defense
system that also plays a role in the integrity of mitochondrial proteins and lipids involved
in the permeabilization of mitochondrial membranes (105).

The role of calcium ions in the regulation of apoptosis has been recently emphasized
(43). Bcl-2 family proteins affect Ca2+ fluxes from endoplasmic reticulum (ER) and
mitochondria, and in turn, cytosolic Ca2+-related signals can trigger apoptosis (106,107).
There are many potential targets for Ca2+ signaling in apoptosis. Calcineurin is a
Ca2+/calmodulin-dependent phosphatase involved in the dephosphorylation of Bad,
which results in its translocation to mitochondria (108). Calpain family of Ca2+-activated
cysteine proteases crosstalk with caspases for regulation of apoptotic process (43).
These findings provide evidence for a link between Ca2+ signals and apoptosis, which
remains to be evaluated.

HSPs interact with a number of cellular systems and form efficient cytoprotective
mechanisms. However, recent data show that HSPs have a role in the regulation of
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apoptosis (109). Under normal conditions, HSPs play numerous roles in cell functions,
modulating protein activity, conformation, degradation, translocation, and folding.
HSPs are produced in response to stress conditions, making cells resistant to cell dam-
age (110). HSP90 is involved in cell resistance to apoptosis through the conformational
maturation of oncogenic signaling client proteins, including HER-2, Bcr-Abl, HIF-1α,
Akt, and Raf-1. HSP90 inhibitors such as 17-AAG, bind to HSP90 and induce the pro-
teasomal degradation of HSP90 client proteins. They have shown promising antitumor
activity in preclinical models (111). In tumor cells, HSP90 is present in highly active
multichaperone complexes and its binding affinity for 17-AAG is 100 times higher than
in normal cells, thus conferring tumor selectivity for HSP90 inhibitors (112). 

Interestingly, HSPs have been demonstrated to directly interact with various compo-
nents of the cell death machinery upstream and downstream of mitochondria (reviewed
in ref. 113). HSP27 inteferes with the process of apoptotic cell death by preventing Bax
translocation. Moreover, by sequestering cytochrome-c or Apaf-1, HSP27, HSP70, and
HSP90 inhibit functional apoptosome assembly and thus prevent activation of the
caspase cascade (114–116). In addition, HSP70 directly binds to AIF and, in a manner
independent of its chaperone-activity, inhibits AIF-mediated apoptosis (117). HSP27
also represses procaspase-3 activation through a direct association (114). In contrast,
HSP60 and HSP10 localize to mitochondria and can participate in apoptosis by accel-
erating caspase-3 activation (118).

To summarize, this section has reviewed current data on the role of various proteins in
apoptosis promotion and amplification. Although many questions remain to be resolved, it
clearly appears that mitochondria, the cells’ arsenals, orchestrate apoptosis by both 
caspase-dependent and -independent pathways. They are the convergent point for numer-
ous upstream signals and they trigger downstream signal routes leading to apoptosis. 
The involvement of mitochondria in apoptosis induced by MDAs will be presented in the
Subheading 3. Moreover, as apoptosis and proliferation are intimately coupled (119), the
role of proteins controlling both apoptosis and cell-cycle progression will also be evaluated.
Furthermore, activation of survival pathways upon treatment with MDAs will also be dis-
cussed, as such activation may constitute a cellular response to escape to death signals.

3. APOPTOTIC SIGNALING PATHWAYS INDUCED BY MDAS

Although MDAs differently disturb microtubule network integrity (by inducing poly-
merization or depolymerization and suppression of dynamics) and induce various sig-
nals, most of these agents trigger similar molecular mechanisms to promote apoptosis
of tumor cells. Important links between disturbance of microtubule integrity and induc-
tion of apoptosis are still lacking, but several intracellular signaling pathways have been
elucidated in apoptosis induced by MDAs.

The cytotoxicity of MDAs is not correlated with any single parameter, but rather with
a combination of effects on the cell cycle and apoptosis. Modulation of the Bcl-2-family
member activity is a common activity for MDAs that induce release of mitochondrial
proapoptotic factors and caspase activation. Upstream of mitochondria, microtubule
disruption could also be accompanied by the release of microtubule-sequestered factors
as described for Bim and survivin. In addition, cell-cycle progression regulators (as
CDKs, MAPKs, p53 or p21), cell stress actors (such as ROS and HSPs), and cell sur-
vival factors (NFκB, Akt, and P70S6K) have been investigated as signaling pathways
promoting or preventing apoptosis induced by these drugs. The cellular response is
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likely to be amplified by a transcriptional effect of MDAs as they can regulate the
expression of genes encoding for proteins involved in the apoptotic machinery.

3.1. Integration of MDA-Triggered Apoptotic Signals by Mitochondria
Mitochondria constitute the heart of the intrinsic signaling pathway activated by

MDAs. Release of mitochondrial apoptotic factors, induced by MDAs, is under the
control of endogenous effectors, among them the Bcl-2 family members remain the
most studied.

3.1.1. MODULATION OF BCL-2 FAMILY MEMBER STATUS

Upregulation of Bcl-2 and Bcl-xL genes is a mechanism by which tumor cells resist
to MDAs (119–122). Pretreatment of cells with Bcl-2 antisense RNA mediates an
increase (more than twofold) in docetaxel- and paclitaxel-sensitivity (123). Bcl-xL
overexpression inhibits progression of molecular events that lead to paclitaxel-induced
apoptosis (40,124). Likewise, overexpression of Bcl-2 protects cells against apoptosis,
without affecting microtubule network disruption and cell-cycle arrest (125). Thus,
inactivation of Bcl-2-like proteins seems to be necessary for MDA-induced apoptosis,
downstream of mitotic block. It is largely thought that the loss of function of these anti-
apoptotic members results from their hyperphosphorylation following microtubule dis-
ruption by paclitaxel, vinorelbine, vincristine, vinblastine, colchicine, or nocodazole
(126–131). As DNA damaging agents do not induce its hyperphosphorylation, Bcl-2 has
been proposed to be a specific “guardian of microtubule integrity” (42,132). This
process could be mediated by different kinases such as PKA (132), p34cdc2 kinase, JNK,
or Raf-1 kinase as described later. Once hyperphosphorylated following paclitaxel or
vinorelbine treatment, Bcl-2 is less likely to heterodimerize with the proapoptotic Bax,
leading to an increase of mitochondrial free Bax levels and thus to mitochondrial per-
meabilization and apoptosis (130,133,134). Inactivation of Bcl-2 by hyperphosphoryla-
tion during mitosis is an attractive model to link mitotic block and apoptotic signaling
pathways induced by MDAs. However, this possibility remains controversial as hyper-
phosphorylation of Bcl-2 occurs in normally cycling cells at the G2/M phase under con-
ditions that do not lead to apoptosis, suggesting that hyperphosphorylated Bcl-2 is
mainly a marker of mitosis (135–137). Nevertheless, if the paclitaxel concentration is
too low to induce a sustained arrest in G2/M and apoptosis, exit from mitosis occurs,
because of mitotic slippage, with the rapid dephosphorylation of Bcl-2 by PP1 phos-
phatase (138). When the MDA concentration is sufficient to maintain a G2/M block, it
is the extent, duration, and/or irreversible nature of the mitosis-associated signals that
distinguish a preapoptotic cell from one destined to divide (139). In this case, the per-
sistent Bcl-2 hyperphosphorylation could constitute an apoptotic signal.

Even if the role of Bcl-2 hyperphosphorylation per se in apoptosis promotion is not
well-defined, inactivation of Bcl-2 probably at least increases the susceptibility of cells
to death signals induced by MDAs. Interestingly, Bcl-2 may be cleaved by activated 
caspase 3, turning its function from antiapoptotic to proapoptotic (140). The resulting
proapoptotic 22 kDa product is likely to participate in the apoptotic signaling pathways
induced by paclitaxel (141,142). In parallel with these post-translational modifications,
treatments with MDAs can decrease Bcl-xL and Bcl-2 protein levels (141,143). This
could be a consequence of p53 induction (see Section 3.3.2) that downregulates Bcl-2 (144)
rather than a result of proteasome-dependent degradation of phosphorylated forms of
Bcl-2 (145).
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Like apoptosis initiated by many stimuli, paclitaxel-induced apoptosis can be
enhanced by the Bax-like and BH3-only proteins, proapoptotic members of the Bcl-2
family. Bcl-XS, Bax, or Bad overexpression sensitises cancer cells to paclitaxel and vin-
cristine (146–148). One of the earliest events induced by paclitaxel exposure is the
upregulation of Bad, Bax, and/or Bak (141,149). A significant increase in Bax level is
also observed after a 24 h-treatment with vinorelbine (130). Moreover, treating cells
with these drugs triggers a conformational change in the Bax protein, its subsequent
translocation from cytosol to mitochondria, and its complex formation, which disturbs
ΔΨm (150,151). Translocation of the proapoptotic protein Bim from microtubules to
mitochondria following MDA treatment (as described in Section 3.2.1) also participates
in the release of mitochondrial intermembrane space factors. Finally, increase in Bax
levels has been described to promote paclitaxel intracellular accumulation, amplifying
its cytotoxic effect (152).

Thus, by modulating both the activity and the expression levels of Bcl-2 family pro-
teins, the amounts of active proapoptotic members increase at mitochondrial membranes,
whereas those of active antiapoptotic members decrease, turning their ratio in favor of
mitochondrial permeability and caspase activation.

3.1.2. CASPASE CASCADE ACTIVATION

Caspases are involved in MDA-induced signaling pathways as pretreatment with cas-
pase inhibitors such as Benzyloxycarbonyl-Val-Ala-Asp (OMe) fluoromethylketone
(Z-VAD-fmk) prevents, at least in part, apoptosis (131,153–155). Although an increase
in expression of death receptor and their ligands is described in some cell types (35,36),
the extrinsic signaling pathway, mediating caspase-8 activation, is generally not
involved in MDA-induced apoptosis (31–34). In the intrinsic signaling pathway induced
by MDAs, mitochondrial membrane permeability that promotes caspase activation is
not affected by caspase-8 inhibition (153,156), confirming that this caspase is dispensa-
ble upstream of mitochondria. Thus, the caspases, required as mediators of apoptosis for
MDAs, are only localized downstream of the mitochondria. Induction of cytochrome-c
release from mitochondria by MDAs, under the control of Bcl-2 family members, per-
mits the assembly of the apoptosome complex proteins. 

Overexpression of Apaf-1, the adaptator molecule of the apoptosome, which interacts
with procaspase-9, enhances paclitaxel-induced apoptosis (157). In response to paclitaxel-
treatment, release of proapoptotic factors triggers an early increase in caspase-9 activity,
and the caspase-9-specific inhibitor Z-Leu-Glu(OMe)-His-Asp(OMe)-FMK.TFA 
(z-LEHD-fmk) effectively protects cells from MDA-mediated apoptosis (131,154,158).
Once activated by paclitaxel, caspase-9 mainly induces caspase-3 activation, leading to
cleavage of substrates such as PARP, DFF45 /inhibitor of caspase-activated DNAse,
topoisomerase I, or Cdc6 (159–162) and thus to the final apoptotic events. Caspase-8 is
also a target of caspase-3, and it can be significantly activated downstream of mitochon-
dria during paclitaxel exposure (31,33,156, 160,163). In this case, the caspase-3-specific
inhibitor impairs MDA-induced caspase-8 cleavage (33). Caspase-8 activation then
leads to Bid cleavage, triggering a signal amplification loop, which could be required
for an optimal cytochrome-c release (34,154). Finally, paclitaxel-activated caspase-3
could also mediate disruption of cell adhesion through the cleavage of APC protein, β-
and γ-catenin, that might contribute to paclitaxel-induced apoptosis (164).
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Thus, caspase-3 cleaves different targets, and appears to have a key role in the mito-
chondrial apoptotic signaling pathway. In support of this, in situations where activation
of the mitochondrial apoptosome is disturbed, caspase-3 overexpression restores cancer
cell sensitivity to MDAs (165). However, it should be noted that apoptotic cell death can
be induced by MDAs such as docetaxel through a caspase-3-independent mechanism
(166). It may be considered that another caspase effector could assume the caspase-3
role in apoptotic routes, bypassing the need for activated caspase 3. Actually, paclitaxel-
or vinorelbine-induced caspase-9 activation can also lead to an increase in caspase-7
(130,167,168) and caspase-2 activity (131). As IAPs inhibit caspase-3, -7, and -9, their
inactivation by Second mitochondria-derived activator of caspases/Direct IAP binding
protein (Smac/DIABLO) peptides enhances paclitaxel efficacy in situ (169). In like
manner, paclitaxel produces higher levels of apoptosis when combined with a recombi-
nant adenovirus encoding Smac/DIABLO (170).

So, the caspase cascade-activated downstream of mitochondria is thought to be
involved in apoptosis induced by MDAs. However, paclitaxel has been described to trig-
ger apoptosis in a nonsmall-cell lung cancer cell line through a caspase-independent
mechanism, in which the apoptotic machinery described earlier is only coactivated
(171,172). Apoptosis following paclitaxel treatment also occurs without involvement of
either caspase-9 or caspase-3 in human ovarian and breast carcinoma cells (173). The
role of mitochondria-released factors such as AIF or endonuclease G, mediating apop-
tosis through a caspase-independent pathway, is currently unknown. Finally, paclitaxel
can induce a slow nonapoptotic cell death, without activation of caspase-3, caspase-8,
or PARP cleavage (174). Thus, novel signaling pathways still remain to be discovered
in order to understand how MDAs induce cell death.

3.2. Release of Microtubule-Sequestering Factors
Microtubules serve as a depot for different signaling molecules and thus they are

able to affect a more number of biological processes in cells. In particular Bim and sur-
vivin are located on microtubules and regulate apoptosis upstream of mitochondria.
Their release, by disturbance of microtubule integrity, could affect the activities of
these apoptosis regulators. As polymerizing and depolymerizing agents share the com-
mon property of suppressing microtubule dynamics, it could be argued that involve-
ment of the microtubule-sequestered factors in apoptosis is likely to be similar among
the different MDAs.

3.2.1. BIM

Bim is a proapoptotic factor of the Bcl-2 family that is sequestered by microtubules
(57), and therefore, it represents an important link between the microtubule network and
the apoptotic machinery (Fig. 4). Bim protein levels increase dramatically after pacli-
taxel treatment, and gene-silencing experiments show that the transcriptional upregula-
tion of Bim can be a direct cause of apoptosis in cancer cells (175). Bim appears to be
required for apoptotic response to MDAs, as lymphocytes bim−/− are refractory to micro-
tubule perturbation (176). Knockdown of Bim by siRNA confers resistance to apopto-
sis induced by MDAs in breast cancer cells (reviewed in ref. 177). Upon disruption of
microtubule network functions by MDAs, freed Bim translocates to mitochondria where
it neutralizes Bcl-2 or activates Bax, and therefore, constitutes an initiating event in
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apoptotic signaling (57,178). Last, by activating JNK (see later), MDAs may induce
Bim phosphorylation and thus its translocation from microtubules to mitochondria as
described for UV-stimulated apoptosis (179).

3.2.2. SURVIVIN

A pool of the IAP survivin associates with microtubules and participates in mitotic
spindle function (89,90). In skin and lung fibroblasts, surviving colocalizes with centro-
somes in the cytoplasm during interphase, then moves to centromeres during mitosis,
and finally localizes to the midbody spindle microtubules during telophase. In paclitaxel
treated cells, survivin is extensively relocalized to α-tubulin in microtubules both during
either interphase and mitosis, but the functional consequence of this redistribution
remains to be evaluated (180). Expression of the survivin gene correlates with paclitaxel
resistance in human ovarian cancer (181). In endothelial cells, survivin induction by
vascular endothelial growth factor (VEGF) strongly decreases the sensitivity to paclitaxel
and vinblastine (182). Forced expression of survivin in epitheloid carcinoma cells pro-
foundly influences microtubule dynamics with reduction of pole-to-pole distance at
metaphase and stabilization of microtubules against nocodazole-induced depolymeriza-
tion (183). 

There is still debate about survivin’s function in regulating apoptosis, cell division, or
both (184), and the mechanism of action of MDAs on survivin activity is not clearly
defined. Data indicate that paclitaxel induces survivin as an early event independent of
G2/M arrest (185). Inhibition of PI3K/Akt and MAPK pathways diminishes survivin
induction and sensitizes cells to paclitaxel-mediated cell death (185). In addition, a direct
interaction between survivin and Smac/Diablo has been shown to reduce the neutralizing
effect of Smac/Diablo on other IAPs, leading to decrease in paclitaxel-induced apoptosis
(186). Survivin induction appears to be a mechanism by which cancer cells evade apop-
tosis, and targeting this survival pathway may result in novel approaches for cancer ther-
apeutics. However, further investigation is needed as knocking down survivin expression
abrogated the cyclin B1 stabilization and the mitotic arrest induced by paclitaxel (187).

3.3. Involvement of Cell-Cycle Progression Regulators
3.3.1. P34CDC2 KINASE

One of the main questions concerning MDA-induced apoptosis is how the apoptotic
machinery and cell-cycle regulation might be linked. This is why studies on cyclins and
CDKs, which regulate cell-cycle progression, are still of major interest.

The kinase activity of p34cdc2 (or CDK1), is specifically activated at the G2/M tran-
sition by induction of cyclin B1-expression. Inhibition of p34cdc2 kinase activity with
olomoucine or with cyclin B1-specific antisense oligonucleotide prevents paclitaxel-
induced apoptosis, suggesting that the complex cyclin B1/p34cdc2 kinase plays an
important role in this process (188). Use of a dominant-negative mutant of p34cdc2

confirms that activation of this kinase plays a critical role in paclitaxel-mediated apop-
tosis (189). This drug is responsible for an early peak in p34cdc2 kinase activity
(137,188,190). An upregulation of p34cdc2 is observed during paclitaxel-induced apop-
tosis, and inhibition of protein synthesis by cycloheximide prevents p34cdc2 accumula-
tion, G2/M arrest, and apoptosis (191). Synthesis of p34cdc2 protein may play a role in
paclitaxel-induced apoptosis through a positive feedback loop that increases the activ-
ity of cyclin B/p34cdc2 kinase. Furthermore, by inducing microtubule damage, MDAs
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activate the mitotic spindle checkpoint, leading to the blockade of proteasome-dependent
cyclin B1 degradation (192). All these events converge in a sustained activation of
cyclin B1/p34cdc2 kinase, maintaining cells in mitosis.

The link between p34cdc2 kinase activation by MDAs and induction of apoptosis
remains unclear. O’Connor et al. (193) report that microtubule stabilization by MDAs
engenders a survival pathway that depends on elevated activity of p34cdc2 kinase.
However, several proteins playing crucial roles in mitosis are phosphorylated by cyclin
B1/p34cdc2 kinase, and it could be envisaged that the persistent activation of some of
these proteins ultimately triggers an apoptotic signal (194). Interestingly, an association
between p34cdc2 and the antiapoptotic protein Bcl-2 has also been shown, and may lead
to Bcl-2 inactivation by phosphorylation (137,195,196).

3.3.2. P53 AND/OR P21
Mutations in p53 are present in more than 60% of human cancers (197), but the p53 sta-

tus of cancer cells is generally considered not to play a role in paclitaxel cytotoxicity
(198–200). The IC50 of paclitaxel for mutated p53-expressing ovarian cancer cells is not
higher than that of wild-type p53-expressing cells (201). Rates of clinical response to treat-
ment with paclitaxel for patients with p53 mutant metastatic nonsmall-cell lung carcinoma
have been shown to be as good as those for patients with wild-type p53 (202). Surprisingly,
loss of normal p53 function has been described to sensitize ovarian cancer cells to
paclitaxel-induced G2/M arrest and apoptosis (203). These data could highlight an advan-
tage of paclitaxel in p53-mutated cancer therapy. However, in another human ovarian can-
cer cell line, the inactivation of p53 results in a strong decrease in paclitaxel cytotoxicity.
Moreover, paclitaxel-, vinorelbine-, or vincristine-treatment results in the upregulation and
activation of p53 as well as p21WAF1, a p53-downstream gene (16,182,204–207).
Induction of p21WAF1 expression could also be p53-independent, as described for vinorel-
bine and paclitaxel (204,207). Expression of p21WAF1, in stably transfected anaplastic
thyroid cancer cells with p21WAF1 complementary DNA, does not induce apoptosis per
se but does enhance the cytotoxic effects of paclitaxel, suggesting that p21WAF1 might be
required for cell sensitivity to paclitaxel (208). The potential involvement of p53 and/or
p21WAF1 in apoptotic signal pathways induced by MDAs is still not resolved (209).

The discrepancy in the results obtained by silencing p53 may result from substitution
by a p53-like protein. The variability in cell type sensitivity to p53 induction is another
cause of conflicting observations as two groups of cells could be distinguished: those
with MDA-inducible p53, and those with p53 that does not respond to these agents as
well as cells lacking p53 (16). Last, the main source of contradictory data is likely to
involve the drug concentration studied. Actually, low concentrations of paclitaxel,
vinorelbine, or vinflunine increase p53 protein levels, whereas high concentrations do
not affect or even inhibit these levels (182,210). Thus, apoptosis induced by low con-
centrations of MDAs possibly involves upregulation of p53, whereas apoptosis induced
by high concentrations of the drugs occurs in a p53-independent manner.

Induction of p53 and/or p21WAF1 by MDAs is often associated with mitotic slip-
page, thus preventing mitotic arrest-mediated apoptosis (15,16,211). Nevertheless,
increases in p53/p21WAF1 protein levels block cells in G1 and/or G2 phase(s), promot-
ing apoptosis in a mitotic arrest-independent way (15,16,210,212). Interestingly, like
p21WAF1, Bcl-2, and Bax genes are transcriptional targets for p53 (16,144,213). Following
p53 induction by MDAs, Bcl-2 is downregulated whereas Bax is upregulated, leading
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to a Bax/Bcl-2 ratio in favor of apoptosis. BH3-only members levels can also be mod-
ulated through a p53-mediated induction, as described for PUMA and Noxa (214,215).
These modifications in expression of p53-downstream target genes may result from
enhanced p53 nuclear accumulation, as a consequence of microtubule dynamics sup-
pression by paclitaxel and vinflunine (210,216).

Finally, p53 has been described to induce apoptosis through a transcription-independent
mechanism (216a), by directly interacting with Bax, Bad or Bak and by directly medi-
ating mitochondrial membrane permeability (216b,217). Thus, accumulating evidence
indicates a possible involvement of p53 and/or p21 in apoptotic pathways following
disruption of microtubule network function. It should also not be forgotten that, like p53
and p21, MDAs can also induce other proteins controlling cell-cycle progression and
apoptosis, as described for the proliferation-associated protein p120 in human cancer
cells following exposure to vincristine and paclitaxel (218).

3.4. Activation of MAPKs
Signal transduction pathways induced by MDA treatment include activation of the

MAPK superfamily. The extracellular signal-regulated kinases (ERKs) are mainly asso-
ciated with proliferation and differentiation while the p38 MAPKs and JNKs regulate
responses to cellular stresses. Involvement of Raf-1 kinase, a central component of 
the MAPK-related pathways, has also been evaluated in MDA-induced apoptosis. The
distinct role of these kinases after microtubule damage is not clearly defined, and the
difficulty is increased by the fact that the signaling pathways mediated by their activa-
tion may be redundant.

3.4.1. EXTRACELLULAR SIGNAL-REGULATED KINASES

ERK is generally related to survival signaling, and the exposure to paclitaxel, vin-
blastine, vincristine, or colchicine can produce a reduction in ERK activity, a key event
in the cellular response leading to apoptosis (219,220). Surprisingly, disruption of
microtubules by MDAs has also been described to activate ERK in various human can-
cer cell lines (221–224). In human cervix carcinoma cells, time-dependent activation of
ERK coincided with G2/M arrest and the biochemical events of apoptosis (225).
Interestingly, Seidman et al. (226) described human ovarian carcinoma cells in which
low concentrations of paclitaxel (1–100 nM) for short exposure (0.5–6 h) activate ERK
in a transient-manner. In contrast, longer exposure (24 h) resulted in abrogation of ERK,
and high concentrations (1–10 μM) resulted in a downregulation of ERK activity. Thus,
whether ERK inhibition affects MDA-induced apoptosis remains controversial, and the
results probably depend on the study conditions. Long-term inhibition of MEK in a
clonogenic assay antagonizes paclitaxel toxicity in epitheloid carcinoma cells (221),
and activated ERK participates in apoptotic signaling pathways in paclitaxel-treated
neuroblastoma cells (222). In contrast, paclitaxel activates the ERK pathway independ-
ently of activating the programmed cell death machinery in human esophageal squa-
mous cancer cells (223). Finally, ERK activation can constitute a cell survival signal in
response to paclitaxel treatment (225–227). This last notion is supported by the fact that
various types of tumors exhibit high levels of ERK activity (228,229), and can resist to
antitumor treatments. ERK-mediated resistance to paclitaxel could be because of Bad
inactivation through its phosphorylation on Ser-112 (230). In addition, through ERK
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activation, vinblastine and colchicine upregulate Mcl-1, a viability-promoting member
of the Bcl-2 family (224). As described with other stimuli, activated ERK may also
phosphorylate Bim on Ser-69, selectively leading to its proteasomal degradation
(230–232). For that matter, combinations of paclitaxel with ERK inhibitors are pro-
posed as a possible new approach to chemotherapy (225,227,233).

3.4.2. P38 MAPK

Because the kinase p38 can function as a component of the spindle assembly check-
point (234), its involvement in the apoptotic response induced by MDAs has been of
considerable interest. Disruption of microtubules with nocodazole activates p38 MAPK
in epitheloid carcinoma cells and human lymphoid cells (234,235). High concentrations
of paclitaxel also rapidly (within 2 h) activate p38 kinase, which then remains active 
for more than 24 h in human ovarian carcinoma cells (226). In breast cancer cells,
paclitaxel treatment stimulates p38 MAPK activity in a concomitant manner with PKA,
leading to apoptosis through inhibition of the Na+/H+ exchanger (236). In addition, p38
MAPK inhibition partially protects cells from paclitaxel (226). An involvement of p38
MAPK pathways could be necessary for the transition from proliferation state to 
paclitaxel-induced apoptosis. However, contrary results indicate that paclitaxel, vinblas-
tine, vincristine, or colchicine cause a reduction in basal p38 MAPK activity in
human carcinoma cells (220) and that paclitaxel fails to induce p38 MAPK activation
in leukemia cells (142,237). In addition, even when activated upon paclitaxel treatment,
p38 MAPK is described to be not linked to activation of the cell death machinery (223).
Thus, the role played by p38 MAPK in apoptotic signal pathways remains unclear and
its role seems mainly to depend on the cell type rather than on the MDA.

3.4.3. C-JUN N-TERMINAL KINASE

Interestingly, an association between JNK and microtubules, through motor pro-
teins, has been reported (238). By interacting with tubulin and/or microtubules, pacli-
taxel, docetaxel, vinblastine, vincristine, nocodazole, and colchicine cause a rapid
increase in JNK activity, leading to apoptosis in a variety of human cancer cells
(125,219,220,239,240). Apoptosis induced by paclitaxel is significantly promoted in
cells expressing JNK1, whereas it is effectively suppressed in cells expressing the
dominant negative JNK1 mutant or JBD, a JNK inhibitor protein (241). The defect in
JNK activation in mekk1−/− cells abrogates apoptosis induced by vinblastine (242).
JNK could be responsible for BCL-2 inactivation as treatment with a JNK-specific
antisense oligonucleotide prevents paclitaxel-induced JNK activation, Bcl-2 hyper-
phosphorylation, and apoptosis (243). A combination of dominant-negative ASK1
and JNK inhibits paclitaxel-induced Bcl-2 hyperphosphorylation, indicating that acti-
vation of the ASK1/JNK pathway by paclitaxel could be necessary for this process
(135,244). Similarly, vinblastine-induced phosphorylation of Bcl-2 and Bcl-XL is
mediated by JNK (245). However, opposite results have shown that activation of JNK
is not required for paclitaxel-induced Bcl-2 hyperphosphorylation (246), and that the
loss of JNK activation increases apoptosis in response to paclitaxel (247).
Interestingly, JNK activation is described to be transiently required (241,246). The
fact that different phases of paclitaxel-induced apoptosis may involve JNK or alter-
nately proceed through JNK-independent signaling pathways could explain the dis-
crepancy in the observations.

Chapter 18 / Microtubule Damaging Agents and Apoptosis 499



3.4.4. RAF-1 KINASE

MDAs specifically induce Raf-1 kinase activation through disruption of microtubules
(248). Downregulation of Raf-1 is associated with paclitaxel-acquired resistance in
human breast cancer cells (249). Paclitaxel-induced Raf-1 activation coincides with
inactivation of Bcl-2 by phosphorylation and depletion of Raf-1 prevents Bcl-2 phos-
phorylation and apoptosis (248,250). Raf-1 kinase functions as a central component of
the MAPK signal transduction pathway, but in leukemia cells, MDAs have been shown
to induce Raf-1/Bcl-2 hyperphosphorylation in a MAPK-independent manner (142).
These data are in agreement with the description of a cellular fraction of Raf-1 directly
associated with Bcl-2 (251). In contrast with these observations, Raf-1 is described to
be not involved in Bcl-2 hyperphosphorylation in human leukemia cells (40). Moreover,
the association between Bcl-2 and Raf-1 seems to target the kinase to mitochondria,
allowing Raf-1 to contribute to cellular survival by phosphorylating Bad (51). Last, Raf-1
is inactivated by MDAs in epidermoid carcinoma cells (220) and evidence indicates that
paclitaxel-induced apoptosis is mediated by JNK and occurs in parallel with suppres-
sion of the Raf-1 kinase activity. Thus, Raf-1 kinase appears to play a central role in
some cases of MDA-induced apoptosis, but its impact remains unclear in other cases.
Its role is probably cell type-dependent.

3.5. Involvement of Cellular Stress Markers
3.5.1. REACTIVE OXYGEN SPECIES

ROS production is modified by MDAs. The production of peroxide free radicals and
superoxide anions is enhanced by paclitaxel, docetaxel, and 2-methoxyestradiol (252).
Paclitaxel treatment also rapidly results in an increase in nitric oxide (NO) production,
whereas nocodazole treatment induces its decrease (253). Vinblastine treatment has
been shown to induce apoptosis with generation of ROS (254). However, it remains
unclear whether ROS per se participate in the induction of apoptosis by MDAs or only
constitute a cellular stress marker during the apoptotic process. Actually, although 
the antioxidant magnonol is effective in decreasing paclitaxel, docetaxel and 2-
methoxyestradiol-induced peroxide production, it does not prevent drug-induced
cell-cycle arrest and apoptosis in hepatoma cells (252). Similarly, pretreatment with
the antioxidants N-acetyl-L-cysteine, ascorbic acid, or vitamin E has no effect on
JNK activation by MDAs in human breast cancer cells (255). On the other hand, N-
acetyl-L-cysteine and glutathione (GSH) abolish vinblastine-induced cell death in
human lung cancer cells (254), suggesting that ROS play a role in some types of MDA-
induced apoptosis. In agreement, hydrogen peroxide generation has been identified as a
determining event for paclitaxel effectiveness (255a). Last, as described for low-level
oxidative signals (235), ROS could contribute to the mitotic block induced by MDAs,
but this role remains to be evaluated.

3.5.2. HEAT SHOCK PROTEINS

Paclitaxel and vincristine have been shown to selectively increase the amount of
membrane and cytoplasmic HSP70 in tumor cells (256). Such accumulation of HSP70
could be mediated by an increase in hydrogen peroxide production (257). HSP70-over-
expressing cells show some resistance to paclitaxel (258), indicating that an increase in
HSP activity might constitute a survival response to MDAs. Inhibition of HSP90 functions
sensitizes tumors to paclitaxel (259), confirming that HSPs are involved in resistance to
MDAs. Interestingly, HSP90 binds to tubulin dimers in vitro (260), and HSP70 binds to
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polymerized tubulin in vitro (261). HSP90 colocalizes with microtubules in fibroblasts,
PtK cells, and endothelial cells (262,263). MDAs do not affect the HSP90 protein con-
tent in pulmonary artery endothelial cells, but paclitaxel increases the amount of HSP90
binding to NO synthase (NOS) whereas nocodazole decreases the amount of HSP90
binding to NOS (253). Inactivation of HSP90 by geldanamycin prevents the paclitaxel-
induced increase in NOS activity. Thus, the changes in NO production induced by
MDAs depend, at least in part, on the ability of HSP90 to bind and activate NOS (253).
It has been suggested that increased tubulin polymerization by paclitaxel could bring
HSP90 and NOS physically closer to each other, thus promoting their association, or the
increased tubulin polymerization could alter the conformation of bound HSP90,
increasing its affinity for NOS (264), but it is not clear how this might occur. Last, it has
become apparent that, independently of its binding to microtubules, paclitaxel can
directly bind to HSP90 and HSP70 (265,266), but the clinical value of this putative
activity against HSPs remains to be determined.

3.6. Modulation of Cell Survival Factors
3.6.1. NFκB

The transcription factor NFκB upregulates the expression of antiapoptotic genes such
as the IAPs, Bcl-XL, Bcl-2, and c-myc. Treatment with paclitaxel rapidly activates NFκB
in mouse macrophages (267), as does vinblastine in colon carcinoma cells, apparently
through the degradation of the NFκB inhibitor, IκB (268). Diverse components that
inactivate NFκB increase docetaxel and paclitaxel-induced apoptosis (269,270),
strongly suggesting that NFκB may participate in cellular resistance to MDAs.
Likewise, overexpression of IκB or blockade of its intracellular degradation makes
cells more sensitive to paclitaxel (269,271). Surprisingly, solid tumor cells stably
transfected with antisense IκBα-expression vectors, have increased sensitivity to
paclitaxel-induced apoptosis (272). Furthermore, stable transfection of a mutant IκBα
that was insensitive to degradation resulted in reduced sensitivity of human tumor
cells to paclitaxel-induced apoptosis (273). Thus, activation of the NFκB/IκB signal-
ing pathway might play an important role in determining the susceptibility of tumor
cells to paclitaxel-induced apoptosis. All of these data highlight the paradoxical role
of NFκB in proliferation or apoptosis. Its activation by MDAs may either constitute a
cell survival signal to resist to imminent apoptosis or contribute to the mediation of
tumor cell death.

3.6.2. AKT

Akt, also called PKB, a serine/threonine kinase known as an important survival fac-
tor has been investigated as a possible target for MDA-induced apoptosis. Akt inhibits
apoptosis through inactivation, by phosphorylation, of various targets such as Bax and
caspase-9 (52,274). By inhibiting the release of cytochrome-c, overexpression of Akt
has been described as a resistance factor to paclitaxel treatment (275). However,
whether suppression of Akt activity affects tumor cell sensitivity to paclitaxel remains
to be elucidated, as the opposite results have also been described (259,276).

3.6.3. 70 KDA RIBOSOMAL S6 KINASE

The 70 kDa ribosomal S6 kinase (p70S6K) is involved in cell growth and survival,
and is constitutively activated in cancer cells (277). Activation of p70S6K requires a
phosphorylation triggered by growth factors. In multiple breast and ovarian cancer cell
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lines, paclitaxel is able to induce p70S6K phosphorylation at threonine 421 and serine
424. Despite the phosphorylation of p70S6K, paclitaxel inactivates this kinase in a
concentration- and time-dependent manner (278). The kinases PKC and JNK seem to
be responsible for this phosphorylation, as their inhibition prevents paclitaxel-induced
p70S6K inactivation. Interestingly, the paclitaxel-induced phosphorylation and low
activity of p70S6K mainly occurs during mitosis. Finally, Bad has been described as a
substrate for this p70S6K (279), indicating that its inactivation may allow the dephos-
phorylation-mediated activation of Bad. Thus, the antitumor effects of paclitaxel may
involve, at least in part, inhibition of p70S6K.

4. DIRECT EFFECTS OF MDAS ON MITOCHONDRIA

4.1. Action of MDAs on Isolated Mitochondria
In parallel with their effects on diverse cellular proteins leading to the activation of the

intrinsic signaling pathway (see Section 3), MDAs could also activate the apoptotic path-
way through a direct action on mitochondria. Interestingly, incubation of isolated mito-
chondria with paclitaxel, vinorelbine, or vinblastine induces a PTP-dependent cytochrome-c
release (280–282) (Fig. 7). This effect is specific to MDAs, as doxorubucin, a DNA-
damaging agent is not able to induce release of cytochrome-c from isolated mitochondria
(281). In addition, other MDAs as docetaxel, nocodazole, vincristine, discodermolide, and
CI 980 (personnal data) and drugs such as arsenic trioxide that bind to SH groups of
tubulin also induce the release of cytochrome-c from isolated mitochondria (282). 

Paclitaxel induces a large amplitude swelling of purified mitochondria and a collapse
of the mitochondrial ΔΨm (280,281). It provokes a loss of mitochondrial Ca2+ through
PTP opening in isolated mitochondria (283). The direct effect of MDAs on mitochon-
dria is relevant in intact cells and it occurs early in the apoptotic pathway. During the
apoptotic process triggered by paclitaxel in human neuroblastoma cells, cytochrome-c
release occurs before caspase activation (153). Caspase inhibition does not prevent
cytochrome-c release in neuroblastoma cells nor in gastric cancer cells treated by pacli-
taxel and docetaxel respectively (36,153). In mouse cells, interference of paclitaxel with
the mitochondrial Ca2+ signal cascade is observed upstream of a significant effect on
microtubule organization (283). In parallel with its effect on mitochondrial perme-
ability, paclitaxel induces changes in the respiration rate of mitochondria. It signifi-
cantly increases the cytochrome oxidase-mediated ROS production by purified liver
mitochondria (280). The loss of ΔΨm induced by paclitaxel in isolated mitochondria is
amplified by stimulation of the respiratory state (284). In agreement with these data,
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Fig. 7. Release of cytochrome-c from isolated mitochondria incubated with MDAs. Isolated mito-
chondria from SK-N-SH cells were untreated (Ctrl) or incubated with 50 μM paclitaxel (PTX) or 1.5 μM
vinblastine (VLB) for 2 h at 37°C. Mitochondrial pellets and their respective supernatants were then
analysed by immunoblotting using cytochrome-c antibody. Both the stabilizing and the depolymeris-
ing agent affected isolated mitochondria by directly inducing the release of cytochrome-c.



paclitaxel-induced cytochrome-c release is inhibited by respiratory chain inhibitors
(282). An increase in the respiration rate of mitochondria is also detected following
paclitaxel treatment (153). Thus, modulation of the respiration rate and ROS levels as
well as cytochrome-c release mediated by the decrease in ΔΨm, may trigger apoptotic
signaling pathways as a result of direct effects of MDAs on mitochondria.

4.2. Putative Targets of MDAs on Mitochondria
It has been shown that paclitaxel binds to mitochondria (284), but the mitochondrial

target for paclitaxel and other MDAs remains undefined.

4.2.1. BCL-2
Bcl-2 was identified as a potential mitochondrial target for paclitaxel by screening a

library of phage-displayed peptides (285), and a model for the interaction of paclitaxel
with the Bcl-2 loop domain has been proposed (286). These data are supported by the
observation that is associated with a strong resistance to MDAs in ovarian tumor cells
(284,284a). Examination of Bcl-2 by immunohistochemistry in tumors from a small
number of ovarian cancer patients with paclitaxel-resistant tumors revealed that Bcl-2
is downregulated in this clinical setting when levels are compared with those found in
drug-sensitive tumors (284). Similarly, treatment of prostate cancer cells expressing
Bcl-2 with paclitaxel induces apoptosis, whereas treatment of the Bcl-2 negative cells
does not induce apoptosis (287). Thus, even if Bcl-2 is an antiapoptotic protein, a basal
level may be necessary for the direct binding of paclitaxel to mitochondria. Whether
Vinca alkaloids can bind to Bcl-2 remains unknown.

4.2.2. MITOCHONDRIAL TUBULIN

Because MDAs specifically act on mitochondria, another putative target of interest
could be tubulin, the primary target of these drugs. It has been found that tubulin is pres-
ent on mitochondrial membranes, both in mitochondria in purified suspensions and in
whole cells (288). In neuroblastoma SK-N-SH cells, mitochondrial tubulin represents
2.2 ± 0.5% of the total cellular tubulin, and the mitochondrial tubulin is enriched in
acetylated and tyrosinated α-tubulin as well as in class III β-tubulin (288). Moreover,
by coimmunoprecipitation, a specific association between mitochondrial tubulin and
VDAC, the main outer membrane PTP component has been reported (Fig. 8) (288).
Such an association strongly suggests that mitochondrial tubulin could play a direct role
in the control of apoptosis, and that paclitaxel-induced release of cytochrome-c may
involve its binding to mitochondrial tubulin. Finally, mitochondrial tubulin has also
been found to be associated with Bcl-2 (Fig. 9A) (284), and a direct interaction between
Bcl-2 and tubulin purified from lamb brains has been shown (Fig. 9B). Then, a complex
between VDAC, tubulin and Bcl-2 could regulate initiation of apoptotic signaling path-
ways in mitochondria.

Although the direct target of MDAs on mitochondria is not yet well-defined, these
data suggest that some of the fastest effects of the MDAs might be because of a direct
action on mitochondrial integrity.

5. PERSPECTIVES

In this chapter, the major mitochondrial apoptotic signaling pathway have been
focused, and based on the available data, it would be proposed that mitochondria should
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be investigated as an additional target for MDAs. Nevertheless, it cannot be excluded
that other apoptotic pathways, previously considered as being minor till now, may also
be involved. Besides its association with mitochondria, tubulin has been shown to be
embedded or anchored in different membranes such as plasma membrane (289,290). In
addition, βII-tubulin has been localized to the nucleus (291) and γ-tubulin is bound to
the Golgi apparatus, allowing possible nucleation of microtubules from this organelle
(292). The function(s) of tubulin in these unusual locations is not known, but it could be
involved in integrating signals between different subcellular compartments.

Importantly, these subcellular compartments also contain apoptotic signaling pro-
teins that ensure cross-talk (293). In particular, antiapoptotic Bcl-2 members and
proapoptotic Bax and Bak reside on the ER membranes (294) and might participate in
the regulation of apoptosis by modifying ER Ca2+ storage (reviewed in refs. 295,296)
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Fig. 9. Tubulin/Bcl-2 interaction. (A) Lysates from isolated mitochondria were subjected to immunopre-
cipitation (IP) with antibodies to α-tubulin. The resulting immunoprecipitates were analyzed by Western
blotting (WB) with antiBcl-2 antibodies. As immunoprecipitation of tubulin brought down Bcl-2, these
two proteins are likely to be partners at the mitochondrial membrane. (B) Dot blot experiments were per-
formed by loading 2 μg of bovine serum albumin, pure tubulin, and Bcl-2 on a nitrocellulose membrane.
The membrane was incubated with a suspension of tubulin and analyzed by WB with antiα-tubulin anti-
bodies. The binding of tubulin to Bcl-2 indicates a direct interaction between the two proteins.

Fig. 8. Association between mitochondrial tubulin and VDAC. Isolated mitochondrial lysates were
subjected to immunoprecipitation (IP) with antibodies to α-tubulin or to VDAC. The resulting
immunoprecipitates were analyzed by Western blotting (WB) with both anti-α-tubulin and antiVDAC
antibodies. Immunoglobulin (IgGs) present in the precipitates are represented by the light chain on
the figure. The antibody to α-tubulin coimmunoprecipitated tubulin and VDAC, and immunoprecipi-
tation of VDAC brought down tubulin. Thus, mitochondrial tubulin is associated with the mitochon-
drial outer membrane through its binding to VDAC.



as described earlier for mitochondrial Ca2+. There is accumulating evidence that mitochon-
dria and the ER are connected in regulating apoptosis. Overexpression of Bcl-2 leads to
the reduction of mitochondrial Ca2+ stores and to the enhancement of Ca2+ sequestra-
tion in ER (294). In addition, ER-Bcl-2 inhibits Bax activation and cytochrome-c
release from mitochondria thanks to an intermediate that is likely a BH3-only protein
(297). Furthermore, ER-targeted but not mitochondria-targeted Bak leads to a progres-
sive depletion of ER Ca2+ and induces caspase-12 cleavage. Thus, this organelle might
also initiate an alternative pathway of caspase activation and a mitochondria-independent
apoptotic process (294). ER contributions to apoptosis are only now becoming apparent,
and require to be evaluated following treatment with MDAs.

Last, few studies have addressed the eventual effects of MDAs on tumor cell migra-
tion and interaction with host cells or the extracellular matrix (298–301), major events
involved in tumor invasion. Angiogenesis is another process largely participating in
tumor progression, and its inhibition by drugs that can increase apoptosis of endothelial
cells is a current challenge in cancer research. Interestingly, studies have shown evi-
dence for an antiangiogenic effect of MDAs when used at low concentrations
(302–304). The signal pathway involved in the inhibition of endothelial cell prolifera-
tion by MDAs may differ from those involved in cancer cells (305,306) and it remains
to be further investigated.

6. CONCLUSIONS

MDAs trigger apoptosis by activating the intrinsic mitochondrial signaling pathway.
They modulate both the activity and the expression levels of Bcl-2 family members,
turning their ratio in favor of mitochondrial permeability, leading to apoptogenic factor
release and caspase activation. In general, MDA concentrations that trigger apoptosis
also induce microtubular network disturbance and mitotic block. Thus, microtubule-
linked signaling proteins and cell-cycle progression regulators are likely to interfere
with the MDA-activated apoptotic machinery. In addition, tubulin associated with cell
compartment membranes, as mitochondrial membranes, may be also involved in trans-
duction of MDA-induced signals. Finally, further investigation of the MDA-activated
apoptotic pathways will improve the knowledge on their mechanism of action in pre-
venting tumor progression. Identification of key proteins involved in apoptotic path-
ways may allow the combinaison of new pharmacological modulators with MDAs to
amplify their anticancer efficacy.
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284a. Estève MA, Carré M, Bourgarel-Rey V, Kruczynski A, Raspaglio G, Ferlini C, Braguer D. Bcl-2
down-regulation and tubulin subtype composition are involved in resistance of ovarian cancer cells to
vinflunine. Mol Cancer Ther 2006;5:1–10.

285. Rodi DJ, Janes RW, Sanganee HJ, Holton RA, Wallace BA, Makowski L. Screening of a library of
phage-displayed peptides identifies human bcl-2 as a taxol-binding protein. J Mol Biol 1999;285:
197–203.

286. Wu JH, Batist G, Zamir LO. A model for the interaction of paclitaxel with the Bcl-2 loop domain: a
chemical approach to induce conformation-dependent phosphorylation. Anticancer Drug Des 2000;
15:441–446.

287. Haldar S, Chintapalli J, Croce CM. Taxol induces bcl-2 phosphorylation and death of prostate cancer
cells. Cancer Res 1996;56:1253–1255.

288. Carre M, Andre N, Carles G, et al. Tubulin is an inherent component of mitochondrial membranes
that interacts with the voltage-dependent anion channel. J Biol Chem 2002;277:33,664–33,669.

289. Zambito AM, Wolff J. Plasma membrane localization of palmitoylated tubulin. Biochem Biophys Res
Commun 2001;283:42–47.

290. Palestini P, Pitto M, Tedeschi G, et al. Tubulin anchoring to glycolipid-enriched, detergent-resistant
domains of the neuronal plasma membrane. J Biol Chem 2000;275:9978–9985.

291. Xu K, Luduena RF. Characterization of nuclear betaII-tubulin in tumor cells: a possible novel target
for taxol. Cell Motil Cytoskeleton 2002;53:39–52.

292. Chabin-Brion K, Marceiller J, Perez F, et al. The Golgi complex is a microtubule-organizing
organelle. Mol Biol Cell 2001;12:2047–2060.

293. Ferri KF, Kroemer G. Organelle-specific initiation of cell death pathways. Nat Cell Biol 2001;3:
E255–E263.

294. Zong WX, Li C, Hatzivassiliou G, et al. Bax and Bak can localize to the endoplasmic reticulum to
initiate apoptosis. J Cell Biol 2003;162:59–69.

295. Scorrano L, Oakes SA, Opferman JT, et al. BAX and BAK regulation of endoplasmic reticulum Ca2+:
a control point for apoptosis. Science 2003;300:135–139.

296. Breckenridge DG, Germain M, Mathai JP, Nguyen M, Shore GC. Regulation of apoptosis by endo-
plasmic reticulum pathways. Oncogene 2003;22:8608–8618.

297. Thomenius MJ, Wang NS, Reineks EZ, Wang Z, Distelhorst CW. Bcl-2 on the endoplasmic reticu-
lum regulates Bax activity by binding to BH3-only proteins. J Biol Chem 2003;278:6243–6250.

298. Kadi A, Pichard V, Lehmann M, et al. Effect of microtubule disruption on cell adhesion and spread-
ing. Biochem Biophys Res Commun 1998;246:690–695.

299. Zhou X, Li J, Kucik DF. The microtubule cytoskeleton participates in control of beta2 integrin avidity.
J Biol Chem 2001;276:44,762–44,769.

Chapter 18 / Microtubule Damaging Agents and Apoptosis 517



300. Niggli V. Microtubule-disruption-induced and chemotactic-peptide-induced migration of human 
neutrophils: implications for differential sets of signalling pathways. J Cell Sci 2003;116:813–822.

301. Hu YL, Li S, Miao H, Tsou TC, del Pozo MA, Chien S. Roles of microtubule dynamics and small
GTPase Rac in endothelial cell migration and lamellipodium formation under flow. J Vasc Res
2002;39:465–476.

302. Belotti D, Vergani V, Drudis T, et al. The microtubule-affecting drug paclitaxel has antiangiogenic
activity. Clin Cancer Res 1996;2:1843–1849.

303. Griggs J, Metcalfe JC, Hesketh R. Targeting tumour vasculature: the development of combretastatin
A4. Lancet Oncol 2001;2:82–87.

304. Micheletti G, Poli M, Borsotti P, et al. Vascular-targeting activity of ZD6126, a novel tubulin-binding
agent. Cancer Res 2003;63:1534–1537.

305. Pasquier E, Carre M, Pourroy B, et al.Antiangiogenic activity of paclitaxel is associated with its cyto-
static effect, mediated by the initiation but not completion of a mitochondrial apoptotic signaling
pathway. Mol Cancer Ther 2004;3:1301–1310.

306. Pasquier E, Honore S, Pourroy B, et al. Antiangiogenic concentrations of paclitaxel induce an
increase in microtubule dynamics in endothelial cells but not in cancer cells. Cancer Res 2005;65:
2433–2440.

518 Carré and Braguer



19 Microtubule Targeting Agents 
and the Tumor Vasculature

Raffaella Giavazzi, Katiuscia Bonezzi, 
and Giulia Taraboletti
CONTENTS

ANTIANGIOGENIC AND VASCULAR-DISRUPTING THERAPY

MICROTUBULE TARGETING AGENTS AS ANTIANGIOGENIC DRUGS

MICROTUBULE TARGETING AGENTS AS VASCULAR DISRUPTING DRUGS

POTENTIALS, LIMITS, AND CHALLENGING ISSUES

CONCLUSIONS

ACKNOWLEDGMENTS

REFERENCES

SUMMARY

As microtubules are important regulators of endothelial cell biology, it is not surpris-
ing that tubulin binding compounds have the potential to target the tumor vasculature.
Two main uses of microtubule targeting compounds have been proposed. Tubulin bind-
ing agents can prevent the formation of new vessels (acting as inhibitors of angiogenesis)
or damage the existing tumor vasculature (acting as vascular disrupting agents, VDA).
Antiangiogenic and vascular disrupting microtubule targeting agents are hereby reviewed,
with particular emphasis on their potentiality and limits in the clinical practice.

Key Words: Angiogenesis inhibitors; vascular disrupting agent (VDA); endothelial
cells; tumor vasculature; combination therapy.

1. INTRODUCTION

In the recent years, the tumor vasculature has emerged as a promising target for can-
cer therapy. The development of a functional blood vessel network is critical for tumor
growth, for the progression from a premalignant tumor to an invasive cancer, and for
metastasis formation (1,2). The identification of agents affecting the tumor vasculature
has become a highly active area of investigation from basic to clinical research.
Theoretically, several advantages characterize this therapeutic approach. Damage to
tumor vessels would have severe consequences on the hundreds of tumor cells that
depend on them for survival, both at the early stage of tumor progression and later on
advanced stage tumors (3). This therapy would be effective on all angiogenesis-dependent
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solid tumors, independently on their histological type. The target endothelial cells are
adjacent to the bloodstream, therefore easily accessible to the drug. Finally, as the target
endothelial cells are a population of “normal”, nontransformed cells, the development
of genetically driven resistance to therapy is unlikely.

Two approaches can be foreseen:

1. Antiangiogenic therapy, aimed at inhibiting angiogenesis, the formation of new vessels
from pre-existing ones; 

2. Vascular disrupting therapy, aimed at selectively destroying the already formed tumor
vascular bed. 

The mechanisms at the base of the two approaches, the effects on the tumors, and the
therapeutic applications are very different (Fig. 1).

Antiangiogenic compounds prevent the formation of new vessels (1) either directly, by
blocking endothelial cell functional response to stimulating angiogenic factors, or indi-
rectly by interfering with the production, availability, or activity of angiogenic factors
(2,4–6). The antiangiogenic approach exerts mainly a cytostatic effect, as it leads to pre-
vention of tumor growth and metastasis, without eradicating the existing tumor. Therefore,
the assumption is that these agents work best on small tumors, even before the angio-
genic switch occurs. This therapeutic approach has been proposed to prevent the growth
of the tumor mass and to maintain metastasis in a dormant state (7). The antiangiogenic
effect is expected to last as long as the drug is present. Hence a chronic treatment is
required, with obvious implications in terms of safety and side effects associated with the
clinical use of these regimens.

In contrast, vascular disrupting agents (VDA, previously defined vascular-targeting
agents, VTA) exploit the antigenic and functional differences between blood vessels in
tumors and in normal tissues (8–11), to cause a selective damage of the vessel bed within
the tumor (12–14). Strategies to affect the tumor vasculature are ligand-directed vascular
targeting compounds (antibodies and peptides that deliver an effector to the endothelium)
and small molecules, which include cytokine-inducer flavonoids flavone-8-acetic acid

520 Giavazzi, Bonezzi, and Taraboletti

Fig. 1. Tubulin-targeting agents. Tubulin-targeting agents can act as antiangiogenic and VDAs. By
altering microtubule dynamics they affect endothelial cell functions essential to the angiogenic
process; this results in inhibition of tumor growth. By affecting microtubule organization they
cause vessel damage; this induces tumor necrosis. To view this figure in color, see the insert and
the companion CD-ROM.
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Fig. 2. Effects of vascular disrupting agents. Microtubules destabilizing agents affect cytoskeletal
organization and the morphology of endothelial cells that shortly after treatment retract (A, vehicle;
B, VDA). In vivo, microtubules destabilizing agents cause rapid shutdown of newly formed vessel
in the Matrigel plug implanted in mice (C,D). Confocal microscopy images (×200) show func-
tional perfused vessels, visualized with FITC-conjugated lectin, in vehicle-treated animals (C), and
a rapid occlusion of the vessels after a single injection of the VDA (D). In a subcutaneous tumor
model, microtubules destabilizing agents cause massive central necrosis of the tumor mass, evident
24 h after a single treatment, with a thin rim of viable tumor cells remaining at the periphery (E,
vehicle; F, VDA). (For details see ref. 42). To view this figure in color, see the insert and the 
companion CD-ROM.

(FAA) and 5,6-dimethylxant henone-4-acetic acid (DMXAA) and tubulin targeting agents
(colchicine-like or Vinca alkaloid-like compounds) (reviewed in refs. 12,13,15,16). This
therapy causes a cascade of events, starting with endothelial cell damage and consequent
vessel congestion and loss of blood flow, which lead to central necrosis of the tumor tissue
(Fig. 2). Vessel occlusion and induction of tumor necrosis occur in the inner part of



the tumor mass, particularly of large tumors, supposedly because the high interstitial pres-
sure inside the tumor favors vessel collapse (13). However, induction of tumor necrosis by
single administration of the compound does not lead to tumor eradication, as a rim of
viable tumor cells survives and proliferates in the periphery of the tumor (13). This can be
overcome by repeated administrations of the agent, or by combination regimens with
radio- or chemotherapy (see discussion next).

1.1. Tubulin-Targeting Agents
Tubulin-targeting compounds can act as both inhibitors of angiogenesis and vascular

disrupting compounds (Fig. 1 and Table 1). The rationale beyond the use of micro-
tubule-targeting agents to target tumor vessels is based on the crucial role of micro-
tubules in several cell functions, including those that characterize endothelial cells in the
developing tumor neovasculature. Therefore, microtubule-targeting agents not only act
as antimitotic drugs, but also as vascular affecting compounds, often at doses below
those required to affect microtubule polymerization (17,18).

By affecting microtubule dynamics, tubulin-targeting agents inhibit endothelial cell
functions crucial to the process of angiogenesis, and in particular cell proliferation and
motility. Microtubule stabilizing compounds such as the taxanes have this as their prin-
cipal effect on endothelial cells (Fig. 1). In contrast, by affecting microtubule organiza-
tion, tubulin-targeting agents cause endothelial cell shape changes, selective damage of
tumor vessels and tumor necrosis, hence acting as VDAs. Microtubule destabilizing
compounds, such as those related to colchicine and the Vinca alkaloids, have this as
their principal effect (Fig. 1). However, in many cases the distinction between antian-
giogenic and vascular disrupting activity of the tubulin targeting agents is not absolute,
and, depending on the drug concentration and in vivo setting, these agents can act as
angio-preventive or VDAs.
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Table 1
Tubulin-Targeting Agents Endowed With Antiangiogenic or Vascular Disrupting Activity

Antiangiogenic agents
Paclitaxel Taxane 23,29,34,82
Docetaxel Taxane 28,30,34
IDN 5390 Taxane 40,41
BMS-275183 Taxane 31
Epothilone B Epothilone 31
2-methoxyestradiol Estrogen metabolite 32,38
Vinblastine Vinca alcaloid 36

Vascular disrupting agents
Combretastatin A-4 Phospate Combretastatin A-4 48,61
ZD6126 Colchinol 50–52,83
AVE8062 Combretastatin A-4 deriv. 53
OXI 4503 Combretastatin A-1 deriv. 54
ABT-751 Methoxybenzene-sulfonamide 55
Vinflunine Vinca alcaloid 56
TZT-1027 Dolastatin 57

Listed are the principal compounds for which antiangiogenic or vascular disrupting activity has been
described. In many cases the distinction is not absolute; this may depend on the drug concentration,
tumor type, or treatment modality.



2. MICROTUBULE TARGETING AGENTS 
AS ANTIANGIOGENIC DRUGS

It has been known for some time that conventional cytotoxic chemotherapeutic
drugs are “accidental” inhibitors of angiogenesis. This activity derives from the ability
of chemotherapeutic drugs to target not only tumor cells but also normal host cell types
involved in angiogenesis, including proliferating endothelial cells in the tumor vascu-
lature, endothelial progenitor cells in the bone marrow or peripheral blood, and bone
marrow progenitors of proangiogenic inflammatory cells (19). Although in many
cases, the antiangiogenic activity is observed only at near-full cytotoxic concentra-
tions, in some cases a true antiangiogenic activity can be recognized (2,12,20–23).
Attempts to improve and exploit this activity have been made, in particular by optimiz-
ing the dose and schedule of the treatment. As mentioned earlier, an antiangiogenic
treatment is effective as long as the active concentration of the inhibitor (usually far
below the maximum tolerated dose [MTD]) is present. For this reason the administra-
tion of these chemotherapeutic agents at low doses on a frequent and continuous
schedule (metronomic regimen) has been proposed in order to optimally exploit their
antiangiogenic activity (22,24–26). An antiangiogenic effect is believed to contribute
to the efficacy of dose-dense chemotherapeutic regimens used in the clinic; including
those employing the taxanes (22,27). However this conclusion derives from retrospec-
tive analysis of clinical precedents and it remains to be validated in randomized
prospective clinical trials.

Although preclinical studies have shown antitumor activity with metronomic regi-
mens, in some cases associated with alterations of the tumor vasculature, it remains to
be shown if this is the only antitumor mechanism. A direct activity on tumor cells could
be partially excluded by showing activity on tumors resistant to that particular drug
(24), but other pharmacodynamic mechanisms induced by the prolonged administration
of the drug could play a role. 

Among the tubulin-targeting agents, the microtubule-stabilizing taxanes paclitaxel
and docetaxel, and new derivatives such as IDN 5390 and BMS 275183 have been
described to affect angiogenesis at subcytotoxic concentrations (23,28–35). Also micro-
tubule destabilizers, such as vinblastine (36) and the soft alkylating agents phenyl-3-(2-
chloroethyl)ureas (37) are able to exert this effect. Interesting is the antiangiogenic
activity of the estrogen metabolite 2-methoxyestradiol (2ME2) for which several poten-
tial molecular targets and pathways of activation have been suggested (38). Although
2ME2 has both antitumor and antiangiogenic effects, its promising activity in preclinical
studies has led to its clinical development as an orally active, small-molecule inhibitor
of angiogenesis (Table 1).

The antiangiogenic activity has been associated with the effect of tubulin-targeting
agents on microtubule dynamic instability, and consequently on endothelial cell functions
relevant to angiogenesis including cell motility, proliferation, and cord formation.
Proliferating endothelial cells, but not other cell types, are particularly sensitive to the
inhibitory effects of protracted, ultralow concentrations of paclitaxel, vinblastine, docetaxel,
and epothilone B (reviewed in ref. 22). In addition, the authors earlier studies underlined
the potent role of low concentration of taxanes on endothelial cell motility in determining
their antiangiogenic activity (23,39). This observation led to the selection of a lead com-
pound, IDN 5390, a seco-derivative with an open C-ring at C-7 and C-8, characterized by
a potent antimotility activity on endothelial cells and poor cytotoxicity (40,41).
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Tubulin-targeting agents can also act as indirect inhibitors of angiogenesis, by affecting
the production of proangiogenic and antiangiogenic factors. Paclitaxel, docetaxel, and
vincristine decrease the production of vascular endothelial growth factor (VEGF) by
small cell lung carcinoma cells (29,42–44). Paclitaxel, docetaxel, vinblastine, BMS-
275183, and epothilone B promote the production of the angiogenesis inhibitor throm-
bospondin-1 (43,45). Interestingly, it has been shown that taxotere, epothilone B,
discodermolide, vincristine, 2ME2, and colchicines reduce the levels and transcriptional
activity of HIF-1α (46,47), a major transcription factor associated to hypoxia is that it
positively regulates the expression of proangiogenic factors. This effect, which depends
on the activity of the compounds on microtubules, indicates an upstream antiangiogenic
event, common to different classes of tubulin-targeting agents.

3. MICROTUBULE TARGETING AGENTS 
AS VASCULAR DISRUPTING DRUGS

The damaging effects on tumor vessels of the first generation microtubules destabi-
lizing agents, such as colchicine and the Vinca alkaloids, vincristine and vinblastine,
although recognized for many years, have not been successfully exploited, as it
occurred at doses close to the MTD. Only recently, microtubules destabilizing agents
have been developed with the characteristic of exerting vascular disrupting activity at
subtoxic concentrations. In contrast to former compounds, such as colchicine, which
bound to tubulin in an almost irreversible fashion, these novel compounds are usually
characterized by a short-time retention in the cell and a reversible binding to tubulin,
sufficient to cause changes in the shape of the target endothelial cells, but not enough to
cause severe toxicity (18).

Among the compounds that bind to the colchicine site, the combretastatins, specifically
developed as VDAs are the most studied example of this family of vascular disrupting
compounds (48,49). The main compound, combretastatin A-4 disodiumphosphate
(CA4-P), is the prodrug of the active drug combretastatin A-4, derived from the African
shrub Combretum caffrum. Recent additions to this family of compounds include
ZD6126, the water-soluble phosphate prodrug of the colchicine derivative N-acetylcolchi-
nol (50–52), AVE8062 (formerly AC-7700), also a derivative of Combretastatin A-4 (53),
and Oxi 4503, a derivative of Combretastatin A-1 (54). Also ABT-751, a methoxyben-
zene-sulfonamide that binds to the colchicine site on tubulin and is orally active has shown
selective induction of vascular damage in growing tumors (55). All these compounds are
in development in clinical trials as VDAs against solid tumors. (Table 1) Among the
second-generation compounds that bind to the Vinca domain on tubulin, a vascular dis-
rupting activity has been described for vinflunine (56) and dolastatins (TZT-1027) (57).

The activity of these compounds is conceivably based on the difference between
endothelial cells in tumor and in normal tissues in terms of dependence on the tubulin
cytoskeleton. These compounds, at subtoxic concentrations cause a rapid reduction in
tumor of blood flow, followed by vessel shut down and tumor necrosis. This cascade of
events is thought to be triggered by the rapid endothelial cell morphological and func-
tional alterations associated with the disruption of the tubulin cytoskeleton, which include
activation of the small GTPase RhoA, reorganization of the actin cytoskeleton, phospho-
rilation of the myosin light chain, alteration of the cell shape, disengagement of cell-cell
junctional molecules, disruption of the VE-cadherin/β-catenin/Akt signaling pathway, and
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increased permeability to macromolecules (Fig. 2) (52,58–62). In some cases, apoptosis
has been indicated as the final event caused by these compounds on endothelial cells
(63,64). Interestingly, although endothelial cells are considered the main target of VDAs,
growing evidence point to a role of other mechanisms in the action of VDAs, including
effects on blood cells, platelet activation, coagulation, and active vasoconstriction (58,65).

This cascade of events leads to a rapid drop in tumor blood flow (observed within
few minutes of drug administration), followed by a reduction of vascular volume, a loss
of vessel integrity, and vessel shut down (in about 20 min) (58). Finally, sustained inhi-
bition of blood flow results, in a few hours, in massive central necrosis of the tumor,
with a rim of viable tumor cells remaining at the periphery (Fig. 2), the hallmark of the
action of tubulin-binding VDAs (13,48,50–52,66).

The induction of vascular shutdown demonstrated in experimental tumor models as
the mechanism of action of these compounds has been confirmed in clinical studies,
where positron emission tomography (PET) and magnetic resonance imaging used to
measure the effects of VDAs have shown suppressive effects on tumor perfusion and
blood flow (67). Phase I studies have found that these compounds are in general toler-
ated and manageable with no significant hematological/chemical toxicity, although
reversible blood pressure changes and cardiac adverse effects have been reported (13,68).

It seems plausible that the antitumor effect of VDA is owing to the stasis of the tumor
blood flow, but many questions remain regarding the exact mechanism of action of these
compounds. Finally one has to consider, as with any of these VDAs, a possible direct
effect on the tumor cell compartment, the magnitude of which might depend on the sen-
sitivity of the tumor itself. An understanding of the mechanism of action at the molec-
ular level is necessary to further clarify the apparent selectivity of these compounds for
the tumor vasculature and ultimately to optimize their development.

4. POTENTIALS, LIMITS, AND CHALLENGING ISSUES

Although the theory at the basis of targeting the tumor stroma is intriguing and opens
a wide array of possibilities, several challenges have been raised by the first clinical exper-
imentations of these approaches. Some limits, as discussed earlier, are intrinsic with the
concept of antiangiogenic and vascular disrutping therapy per se. In addition, in the case
of tubulin-targeting compounds, issues are raised by the ability of most of these agents to
target both endothelial cells and other cells types, including tumor cells. It is therefore
difficult to identify and exploit a pure effect on endothelial cells rather than a combination
of vessel-targeting effects and antitumor effect. Moreover, as other cell types can be
affected, the toxicity of these compounds is always an important issue to consider.

4.1. Exploitment of the Vascular Targeting Effect
In the case of compounds used as “antiangiogenic” agents (Fig. 1), the otpimization

of their use as inhibitors of endothelial cells has been mainly addressed through changes
in the schedule of administration (22,24,25). A further adjustment that might be needed
is the optimization of the formulation of the compounds. For example, it has been shown
that clinically achievable concentrations of the formulation vehicle can affect the antian-
giogenic activity of paclitaxel and docetaxel (69). The identification of IDN 5390 has
indicated that another approach to exploit the antiangiogenic activity of taxanes and other
tubulin-targeting agents is the development of less cytotoxic compounds that retain the
effect on endothelial cell functions; in this case the effect on cell motility (40,41).
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In the case of microtubule-destabilzing VDAs, the efforts to optimize their applica-
bility have been mainly oriented toward the development of compounds active on tumor
vessels but possessing low toxicity against the normal vasculature and tissues (Fig. 1).
Studies are ongoing to identify specific moieties in tumor blood vessels (on smooth
muscle or endothelial cells), or molecular mechanisms at the basis of the selective
effects on tumor vasculature. In the long-term, the identification of novel small mole-
cules that exploit pathophysiological differences between tumor and normal vasculature
should provide more potent antitumor VDAs.

4.1.1. DRUG RESISTANCE

An important issue in the development of antiangiogenic compounds is the potential
occurrence of drug resistance. Although some findings are challenging this belief
(70,71), the target endothelial cells are considered a genetically stable population, and
hence the induction of genetically based mechanisms of drug resistance is not expected.
However, these cells are exposed to an environment rich of survival factors, in particu-
lar VEGF, which might protect endothelial cells from the antiproliferative, proapoptotic
effects of antiangiogenic compounds. Indeed, the antiangiogenic effect of taxanes has
been shown to be counteracted by VEGF and potentiated by VEGF inhibitors
(24,33,72). The implication of this observation is that the use of tubulin-targeting com-
pounds as antiangiogenic drugs would benefit from a combination with inhibitors of
tumor derived survival factors for endothelial cells (22). In the case of vascular disrupt-
ing compounds, a synergy has been observed with inhibitors of nitric oxide synthase;
whereas nitric oxide exerts a protective effect against the compounds (66,73).

4.1.2. COMBINATION THERAPIES

The clinical studies completed to date are encouraging. However, used as monotherapy,
antiangiogenic or VDAs have so far had limited clinically relevant antitumor effects.
Antiangiogenic compounds are believed to be mainly cytostatic, thus at their best they
might cause a delay of the tumor growth, whereas VDAs leave a rim of viable tumor cells
that proliferate and allow the tumor to resume its growth. As indicated from preclinical
studies, better therapeutic results with these agents are likely to be obtained when used in
combination with other treatment modalities. Phase I/II clinical studies combining com-
bretastatin-A4 with radiotherapy and chemotherapy or radioimmunotherapy on different
tumor types are ongoing.

A combination therapy using these agents can be designed with one of two goals. On
the one hand, it may potentiate the activity of the vessel-targeting compound per se on
the vascular compartment. As discussed earlier, the use of VEGF inhibitors or nitric
oxide synthase inhibitors can potentiate the antiproliferative/antiapoptotic effects of the
tubulin-targeting agent on endothelial cells. Accordingly, docetaxel was synergistic with
a monoclonal antibody against VEGF, whereas 2ME2 (33) and vinblastine plus an anti-
body against the VEGF receptor-2, induced sustained tumor regression (24). The
authors found that the vascular targeting property of paclitaxel is enhanced by SU6668,
a receptor tyrosine kinase inhibitor (74). In this study, paclitaxel and SU6668 acted syn-
ergistically, causing apoptosis of endothelial cells.

On the other hand, the combination can be aimed to also target the tumor cells
thereby obtaining a therapeutic modality that hits both the vascular (antiangiogenic/
vascular disrupting compounds) and the tumor (selective antitumor agent) compartment.
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This is the case for VDAs, where approaches to affect the peripheral rim of surviving
tumor cells is needed. Accordingly, CA4-P and ZD6126 have been found to enhance the
activity of chemotherapeutic agents (75,76) and radiotherapy (77–79). Emerging evi-
dence shows the relevance of the mechanism of action of the drugs, schedule and
sequence in the outcome of combination treatments (84).

5. CONCLUSIONS

Tubulin targeting agents have demonstrated a clear clinical success. New compounds
are under development, with the aim of improving their therapeutic/pharmacological/
toxicological profile and their ability to overcome drug resistance (18,80,81). The finding
that these agents are also able to target tumor vessels, introduces a new possible use of
these compounds.

Although the potential activity of tubulin-binding agents as “antiangiogenic/vascular
targeting” tools has been reviewed, there are several significant challenges that must be
overcome to increase the chances of their success in the clinic. Foremost understanding
the molecular basis of their “selective” action should improve their correct use and
might aid in the development of new agents. The development of combined modality
regimens faces the difficulties of determining the optimal dosing, scheduling and
sequencing that have thus far been mainly based on empiricism. Because antiangiogenic
and vascular disrupting tubulin-binding agents are often not used at their MTD, new cri-
teria to establish the active dose and to evaluate the efficacy of the treatment should help
in establishing treatment modalities. New molecular and functional surrogate markers,
which include blood levels of angiogenesis-related molecules and circulating endothe-
lial or endothelial progenitor cells are being validated. Functional imaging analysis is
being used in clinical trials to detect changes in tumor blood flow, and represents one
of the most attractive approaches under investigation.
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SUMMARY

Microtubules are essential rails for the transport of molecules from the neuronal
cell body to the synapse through the axon and vice versa. Dynamic stabilization or
remodeling of microtubules is essential for the neuronal network and plasticity and
thus, any disturbance of this equilibrium can have devastating consequences on brain
function. Microtubule-associated Tau proteins are essential molecules regulating the
dynamics of the microtubule network. They are also the basic component of neurofib-
rillary degeneration observed in many neurological disorders, the so-called
Tauopathies. Many etiological factors, including mutations, splicing, and phosphory-
lation, relate Tau proteins to neurodegeneration and the microtubule network is the
most possibly essential for the dynamic and progressive propagation of neurofibrillary
degeneration in Tauopathies. A better knowledge of the etiological factors responsible
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for the microtubule network collapse in brain diseases is essential for development of
future differential diagnosis and therapeutic strategies. They would hopefully find
their application against Alzheimer’s disease but also in many neurological disorders
for which a dysfunction of Tau biology has been identified.

Key Words: Alternative splicing; axons; cell death; mutations; neurons,
phosphorylation.

1. TAU PROTEINS

Tau proteins belong to the microtubule-associated proteins (MAP) family. They are
found in many animal species. In human, they are found in neurons (for review, see refs.
1,2), although nonneuronal cells usually have trace amounts. For instance, Tau proteins
can be expressed in glial cells, mainly in pathological conditions (3), and it is possible
to detect Tau messenger RNA (mRNA) and proteins in several peripheral tissues such
as heart, kidney, lung, muscle, pancreas, testis as well as in fibroblasts (4–6).

2. GENE

The human Tau gene is unique and contains 16 exons located over more than 100 kb
on the long arm of chromosome 17 at band position 17q21 (7,8) (Fig. 1). The restriction
analysis and sequencing of the gene shows that it contains two CpG islands, one asso-
ciated with the promoter region, the other with exon 9 (8). The CpG island in the putative
Tau promoter region resembles a previously described neuron-specific promoters. Two
regions homologous to the mouse Alu-like sequence are present. The sequence of the
promoter region also reveals a TATA-less sequence that is likely to be related to the
presence of multiple initiation sites, typical of housekeeping genes. Three SP1-binding
sites that are important in directing transcription initiation in other TATA-less promoters,
are also found in the proximity of the first transcription initiation site (9) (Fig. 1). The
SP1-binding sites are suggested to control neuronal-specific expression of Tau (10).
Several single nucleotide polymorphisms (SNPs) are located in the large intron 0. The 
A allele of the haplotype tagging SNP167 abolishes putative-binding sites for LBP-
1c/LSF/CP2 (Fig. 1). The G allele of htSNP167 promotes a higher expression of
luciferase in mouse and human neuroblastoma cells (11). Noteworthy that polymorphism
in LBP-1c/LSF/CP2 gene is a genetic determinant for Alzheimer’s disease (AD) (12,13).

3. TAU SPLICING

The Tau primary transcript contains 16 exons (Fig. 1). However, two of them (exons
4A, and 8) are skipped in human brain. They are specific to peripheral Tau proteins.
Exon 4A is found in bovine, human, and rodent peripheral tissues with a high degree of
homology. Cryptic splicing sites are described in exon 6 that would generate Tau mRNA
lacking the remaining 3′-exon cassettes (14). Those are found in muscle and the spinal
cord but the presence of the protein remains to be determined. Exon 1 is part of the pro-
moter, and is transcribed but not translated (Fig. 1). Exons 1, 4, 5, 7, 9, 11, 12, and 13
are constitutive exons (Fig. 2A). Exon 14 is part of the 3′-unstranslated region of Tau
mRNA (15–18). Exons 2, 3, and 10 are alternatively spliced and are adult brain-specific
(8). Exon 3 never appears independently of exon 2 although exon 2 can appear without
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exon 3 (17). Thus, alternative splicing of these three exons allows for six mRNAs
(2–3–10–; 2+3–10–; 2+3+10–; 2–3–10+; 2+3–10+; 2+3+10+) and in the human brain, the Tau
primary transcript is consisted of six mRNAs (15,16,19) (Fig. 2A).

4. STRUCTURE AND FUNCTIONS

In the human brain, Tau proteins constitute a family of six isoforms (six mRNAs) that
range from 352 to 441 amino acids (Fig. 2B). Their molecular weight ranges from 45 to
65 kDa when resolved on sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
The Tau isoforms differ from each other by the presence of either three (3R) or four
repeat-regions (4R) in the carboxy-terminal (C-terminal) part of the molecule and the
absence or presence of one or two inserts (29 or 58 amino acids) in the amino-terminal
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Fig. 2. Tau pre-mRNA alternative splicing in the CNS and protein isoforms translated from alterna-
tive tau mRNAs. (A) Schematic representation of Tau mRNAs. In the CNS, exons 4A, 6, and 8 are
constitutively skipped. A small proportion of tau mRNA might arise from the use of cryptic sites in
the exon 6 and would give tau proteins lacking the microtubule-binding domain. This potential use of
cryptic splicing site is not detailed in the figure. Exon 1 and 14 correspond to the 5′- and 3′-untrans-
lated region of Tau mRNAs, respectively. Two cleavage-polyadenylation sites are described; one in
intron 13/14 and one in exon 14. The polyadenylated Tau mRNA including exon 14 is less represented
in human. In the CNS, the alternative splicing of exon 2, 3, and 10 generates six tau proteins.
Inclusion of exon 3 occurs only with exon 2, whereas exon 2 can be included alone. (B) The six
human brain tau isoforms are represented, as they are resolved by polyacrylamide gel electrophoresis.
The amino acid sequences corresponding respectively to exons 2, 3, and 10 are detailed. The tau
isoform lacking the alternative exons 2, 3, and 10 is the only tau isoform expressed in fetal CNS.
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(N-terminal) part (15–18). Each of these isoforms is likely to have particular physiolog-
ical roles as they are differentially expressed during development. For instance, only one
Tau isoform, characterized by 3R and no N-terminal inserts, is present during fetal
stages, whereas the six isoforms (with one or two N-terminal inserts and 3 or 4R) are
expressed during adulthood (20,21). Thus, Tau isoforms are likely to have specific func-
tions related to the absence or presence of regions encoded by the cassette exons 2, 3,
and 10. Furthermore, the six Tau isoforms are not be equally expressed in neurons. For
example, Tau mRNAs containing exon 10 are not found in granular cells of the dentate
gyrus (15). Thus, Tau isoforms are differentially distributed in neuronal subpopulations.

5. THE PROJECTION DOMAIN

The two 29 amino acids sequences encoded by exons 2 and 3 give different lengths
to the N-terminal part of Tau proteins. These two additional inserts are highly acidic,
and are followed by a basic proline-rich region. The N-terminal part of Tau proteins is
referred to as the projection domain as it projects from the microtubule surface where it
may interact with other cytoskeletal elements and the plasma membrane (22,23) (see
also Chapter 10).

In mice lacking the Tau gene, an increase in MAP1A, which may compensate for the
functions of Tau proteins has been observed (24). In contrast to this report, another
study has shown that embryonic hippocampal cultures from tau deficient mice show a
significant delay in maturation as measured by axonal and neuritic extensions (25).
However, in both studies, axonal growth and axonal diameter were particularly affected.
This may be related to the particular length of the N-terminal domain (with or without
sequences encoded by exons 2 and 3) of Tau proteins in specific axons. In fact, the pro-
jection domain of Tau determines spacing between microtubules in an axon and may
increase axonal diameter (26). It should be noted that in peripheral neurons, which often
have a very long axon with large diameter, an additional N-terminal Tau sequence
encoded by exon 4A is present, generating a specific Tau isoform called “big Tau”
(8,27). These results strongly suggest that the N-terminal regions of Tau proteins are
crucial in the stabilization and organization of certain types of axons.

Tau proteins bind to spectrin and actin filaments (28–31). Through these interactions,
Tau proteins may allow microtubules to interconnect with other cytoskeletal compo-
nents such as neurofilaments (8,32) and may restrict the flexibility of the microtubules
(33). There is also evidence that Tau proteins interact with cytoplasmic organelles. Such
interactions may allow for binding between microtubules and mitochondria (34). The
Tau N-terminal projection domain also permits interactions with the neural plasma
membrane (22). Thus, Tau may act as a mediator between microtubules and the plasma
membrane. This interaction has been defined as involving a binding between the
proline-rich sequence in the N-terminal part of Tau proteins and the SH3 domains of
src-family nonreceptor tyrosine kinases such as fyn. Studies have determined that
human tau tyr18 and 29 are phosphorylated by the src family tyrosine kinase fyn
(35,36). The same proline-rich region of Tau proteins is likely involved in the interac-
tion with phospholipase C (PLC)-γ isozymes (37,38). Hwang and colleagues have
demonstrated in vitro that Tau proteins complex specifically with the SH3 domain of
PLC-γ, and enhance its activity in the presence of unsaturated fatty acids such as arachi-
donic acid (AA) (Fig. 3). These results suggest that in cells that express Tau proteins,
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receptors coupled to cytosolic phospholipase A2 may activate PLC-γ indirectly, in the
absence of the usual tyrosine phosphorylation, through the hydrolysis of phosphatidyl-
choline to generate AA (37,38). Altogether, these data indicate that Tau proteins may
also play a role in the signal transduction pathway involving PLC-γ (Fig. 3) (for review
see ref. 39).

6. THE MICROTUBULE ASSEMBLY DOMAIN

Tau proteins bind microtubules through repetitive regions in their C-terminal part
(see Chapter 10). These repetitive regions are the repeat domains (R1-R4) encoded by
exons 9–12 (40) (Fig. 1C). The three (3R) or four copies (4R) are made of a highly con-
served 18-amino acid repeat (16,19,40,41) separated from each other by less conserved
13- or 14-amino acid interrepeat domains. Tau proteins are known to act as promoter of
tubulin polymerization in vitro, and are involved in axonal transport (42–45). They have
been shown to increase the rate of microtubule polymerization, and to inhibit the rate of
depolymerization (46). The 18-amino acid repeats bind to microtubules through a flex-
ible array of distributed weak sites (40,47). It has been demonstrated that adult Tau iso-
forms with 4R (R1–4) are more efficient at promoting microtubule assembly than the
fetal isoform with 3R (R1, R3, R4) (20,47,48). Interestingly, the most potent part to
induce microtubule polymerization is the interregion between repeats 1 and 2 (R1–R2
interregion) and more specifically peptide 274KVQIINKK281 within this sequence.
This R1–R2 interregion is unique to 4R Tau (as it occurs between exons 9 and 10),
adult-specific and responsible for differences in the binding affinities between 3R and
4R Tau (49). Using a cysteine mutant of the repeat domain of Tau enabling for a
nanogold-labeling of the microtubule-binding domain, Tau protein is shown to decorate
the inner surface of microtubule close to the taxol-binding site on β-tubulin (50,51).

Recent evidence supports a role for the microtubule-binding domain in the modula-
tion of the phosphorylation state of Tau proteins. A direct and competitive binding has
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Fig. 3. Tau proteins complexes and activates phospholipase C-γ in concerted action with AA.
Receptor-mediated activation of PLC-γ by concerted action of Tau and AA generated by cytosolic
phospholipase A2 (cPLA2). PC, phosphatidylcholine, LysoPC, lysophophatidylcholine.



been demonstrated between residues 224–236 (according to the numbering of the
longest isoform) and microtubules on one hand, and residues 224–236 and protein phos-
phatase (PP)2A on the other hand (52). As a consequence, microtubules could inhibit
PP2A activity by competing for binding to Tau at the microtubule-binding domains.

7. POST-TRANSLATIONAL MODIFICATIONS

7.1. O-Glycosylation
O-Glycosylation is a dynamic and abundant post-translational modification that is

characterized by the addition of a O-linked N-acetylglucosamine (O-GlcNAc) residue
on Ser or Thr in the proximity of proresidues (53) by an O-GlcNAc transferase (54).
Although the functional significance of a O-GlcNAc modification is not yet fully under-
stood, it is implicated in transcriptional regulation, protein degradation, cell activation,
cell-cycle regulation, and the proper assembly of multimeric protein complexes (55).
This modification is often reciprocal to phosphorylation (for review see ref. 56). It
occurs in neurofilaments (57), and in MAPs including MAP2 and Tau proteins (58). The
number of O-GlcNAcylated sites on Tau proteins is lower than the number of phospho-
rylation sites. Site-specific or stoichiometric changes in O-GlcNAcylation may modu-
late Tau function. In fact, phosphorylation and O-GlcNacylation may have opposite
effects (see later for the role of Tau phosphorylation). For instance, O-GlcNacylation of
Tau proteins and other MAPs suggest a role for O-GlcNac in mediating their interac-
tions with tubulin. O-GlcNacylation may also play a role in the subcellular localization
and degradation of Tau proteins (56,58,59).

7.2. Phosphorylation
7.2.1. SITES OF PHOSPHORYLATION

There are eighty putative Ser or Thr phosphorylation sites on the longest brain Tau iso-
form (441 amino acids). Using phosphorylation-dependent monoclonal antibodies
against Tau, mass spectrometry and sequencing, at least 35 phosphorylation sites have
been described, including Thr39, Ser46Pro, Thr50Pro, Thr69Pro, Ser131, Thr135,
Thr153Pro, Thr175Pro, Thr181Pro, Ser195, Ser198, Ser199Pro, Ser202Pro, Thr205Pro,
Ser208, Ser210, Thr212Pro, Ser214, Thr217Pro, Thr231Pro, Ser235Pro, Ser237, Ser241,
Ser262, Ser285, Ser305, Ser324, Ser352, Ser356, Ser396Pro, Ser400, Thr403,
Ser404Pro, Ser409, Ser412, Ser413, Ser416, and Ser422Pro (60–66). All of these sites
are localized outside the microtubule-binding domains with the exception of Ser 262
(R1), Ser285 (R1-R2 interrepeat), Ser305 (R2-R3 interrepeat), Ser324 (R3), Ser352
(R4), and Ser356 (R4) (67,68). Both Ser/Thr-Pro and non-Ser/Thr-Pro sites have been
identified (63). The different states of Tau phosphorylation result from the activity of
specific kinases and phosphatases toward these sites.

7.2.2. KINASES

Most of the kinases involved in Tau phosphorylation are part of the proline-directed
protein kinases, which include mitogen-activated protein kinase (MAP) (69–72), Tau-
tubulin kinase (73) and cyclin-dependent kinases including cdc2 and cdk5 (74,75).
Stress-activated protein kinases have been shown to be involved in Tau phosphorylation
(70,76,77). Non-Ser/Thr-Prosites can be phosphorylated by many other protein kinases,
including microtubule-affinity regulating kinase (78), Ca2+/calmodulin-dependent protein
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kinase II (79,80), cyclic adenosine monophosphate-dependent kinase (PKA) (81,82)
and casein kinases I and II (83,84).

Glycogen synthase kinase (GSK)3 is a Tau kinase able to phosphorylate both non
Ser/Thr-Pro sites and Ser/Thr-Pro sites (For review see ref. 85). Numerous kinases, proline-
directed and nonproline directed, have to be used in tandem in order to observe a complete
phosphorylation of recombinant Tau, and may be positively modulated at the substrate level
by nonproline-directed protein kinases-catalyzed phosphorylations (86). A recent example
is dual-specificity tyrosine phosphorylation-regulated kinase (DYRK) and GSK3β (87).

7.2.3. PHOSPHATASES

Tau proteins from brain tissue or neuroblastoma cells are rapidly dephosphorylated by
endogenous phosphatases (88–91). Ser/Thr phosphatase proteins 1, 2A, 2B (calcineurin),
and 2C are present in the brain (92,93), and are developmentally regulated (94). Like
kinases, phosphatases have many direct or indirect physiological effects, and counterbal-
ance the action of kinases. They are associated directly or indirectly with microtubules
(52,94,95). Thus, Tau proteins have been demonstrated to act as a link between PP1 and
tubulin, whereas PP2A is directly linked to the microtubules by ionic interactions (52).

Purified phosphatase proteins 1, 2A, and 2B can dephosphorylate Tau proteins in vitro
(96–99). For instance, in fetal rat primary cultured neurons, the use of phosphatase 2A
inhibitors induces phosphorylation of Tau proteins on some sites, whereas phosphatase 2B
inhibitors allow phosphorylation on other sites (100,101), suggesting that phosphatases
2A and 2B are involved in dephosphorylation of different sites on Tau proteins in neurons.

PP5 is a 58-kDa novel phosphoseryl/phosphothreonyl protein phosphatase. It is ubiq-
uitously expressed in all mammalian tissues examined, with a high level in the brain,
but little is known about its physiological substrates. This phosphatase dephosphory-
lated recombinant tau phosphorylated with cyclic adenosine monophosphate-dependent
protein kinase and GSK3β. The specific activity of PP5 toward Tau was comparable
with those reported with other protein substrates examined to date. Immunostaining
demonstrated that PP5 was primarily cytoplasmic in PC12 cells. A small pool of PP5
associated with microtubules. Expression of active PP5 in PC12 cells resulted in reduced
phosphorylation of tau, suggesting that PP5 can also dephosphorylate tau in cells (102).

7.2.4. TAU PHOSPHORYLATION AND MICROTUBULE ASSEMBLY

Tau proteins bind microtubules through the microtubule-binding domains. The hep-
tapeptide 224KKVAVVR230 located in the proline-rich region has a high microtubule-
binding activity in combination with the repeats regions (103), suggesting intramolecular
interactions between the both regions. However, microtubule assembly depends partially
upon the phosphorylation state as phosphorylated Tau proteins have less effect than non-
phosphorylated Tau proteins on microtubule polymerization (43,44,98,104–107).
Phosphorylation of Ser262 dramatically reduces the affinity of Tau for microtubules in
vitro (104). Nevertheless, this site alone, which is present in fetal Tau, adult Tau as well
as in hyperphosphorylated Tau proteins found in neurofibrillary tangles (NFT), is insuf-
ficient to eliminate Tau binding to microtubules (67). Thus, phosphorylation outside the
microtubule-binding domains can strongly influence tubulin assembly by modifying the
affinity between Tau and microtubules. For instance, phosphorylation at Thr231 was
shown to be one of the major phosphorylation sites of which inhibits tau’s binding to
microtubules (108,109).
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7.2.5. TAU PHOSPHORYLATION AND CELL SORTING

Tau is a phosphoprotein, as was first demonstrated with the monoclonal antibody Tau-1
raised against a dephosphorylated site. As Tau-1 labels preferentially axons, Tau were
tagged as “axonal proteins” (110). However, the state of phosphorylation of Tau proteins
is likely different according to the cell compartments (111), and Tau-1 immunoreactivity
was observed in the somatodendritic compartment of neurons after dephosphorylation
(112). In fact, the labeling of cell bodies and dendrites with phosphorylation-independent
antibodies such as Alz-50, demonstrates that these proteins are found in all compartments
of the nerve cells, and are not exclusively “axonal proteins.” However, compared with
other MAPs, Tau proteins are preferentially axonal. Both phosphorylation and transcrip-
tion factors may be involved in Tau trafficking and cell sorting (nuclear, axonal, or soma-
todendritic) (23).

8. TAU AGGREGATION IN NEUROLOGICAL DISORDERS 
OTHER THAN AD: TAUOPATHIES

In neurodegenerative disorders, other than AD, referred to as tauopathies, abnormally
and hyperphosphorylated tau proteins aggregate in the absence of amyloid deposits.
Comparative biochemistry of the Tau aggregates shows that they differ in both Tau iso-
form phosphorylation and content of, which enables a molecular classification of
Tauopathies. Five classes of Tauopathies have been defined depending on the type of
Tau aggregates that constitute the “Bar Code” for neurodegenerative disorders (Fig. 4).

8.1. Class 0: Frontal Lobe Dementia Non-Alzheimer Non-Pick
Frontal lobe dementia is a neurological disorder that has been recently characterized,

despite the fact that it is the most common presenile dementing disorder in Europe, after
AD. Like Pick’s disease (PiD), it has a “frontal” pathology; however, whereas PiD is
neuropathologically characterized by Pick bodies, frontal lobe dementia has no specific
neuropathological hallmarks. Morphological changes consist of neuronal cell loss,
spongiosis, and gliosis mainly in the superficial cortical layers of the frontal and tem-
poral cortex. No tau aggregates are observed although a loss of tau-protein expression
is observed in this disorder (113–115).

8.2. Class I: A Major Tau Triplet at 60, 64, 69
Class I is characterized by a pathological tau triplet at 60, 64, and 69 kDa and a minor

pathological tau at 72/74 kDa (Fig. 2B). It is now well-established that this pathological
tau triplet corresponds to the aggregation of the six tau isoforms (116,117). The patho-
logical tau 60 is made up of the shortest tau isoform (2–3–10–). The pathological Tau 64
and 69 are each made up of two tau isoforms. Tau isoforms either with the exon 2 or exon
10 alone make up the pathological Tau 64. The pathological Tau 69 is made of tau
isoforms either with exon 2+10 or exon 2+3. The longest tau isoform containing exons
2, 3, and 10 (2+3+10+) constitute the 72/74 kDa pathological component. The prototypical
neurological disorder that characterizes this class is AD, but includes nine additional 
neurological disorders such as hippocampal tauopthy in cerebral aging, amyotrophic lateral
sclerosis parkinsonism–dementia complex of Guam, Parkinsonism with dementia of
Guadeloupe, Niemann-Pick disease of type C, postencephalitic parkinsonism, Familial
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Fig. 4. The bar code of Tauopathies and their classification. (A) Human brain tissue from patients
affected by different Tauopathies are separated by polyacrylamide gel electrophoresis and pathological
tau proteins are revealed by Western-blotting using phospho-dependent Tau antibodies (e.g., AD2 mono-
clonal antibody recognizing the phosphorylated Ser396/404 form of Tau, numbering according to the
longest Tau isoform). Four different electrophorectic patterns of pathological Tau proteins are illus-
trated. Those are made up of pathological Tau bands at 60, 64, 69, and 74 kDa, which correspond to
pathological Tau that are found in aggregates. The type I aggregate is characterized by the presence of
the four pathological Tau components, whereas the type II and III include 2 major pathological tau
components at 64 and 69 kDa, or 60 and 64 kDa, respectively. Finally, the fourth aggregate type is char-
acterized by a strong pathological Tau component at 60 kDa, with the 64 kDa and 69 kDa components
often observed depending on the severity of the affected region analyzed. Those four main patterns of
pathological Tau thus represent a bar code of tauopathies. (B) Neurological disorders for which a patho-
logical Tau pattern has been defined are classified according to the “bar code.” Five classes are defined
including a unique or multiple neurological disorders. The four aggregate types are detailed as well as
the pathological-tau pattern identified. Class 0 includes a unique neurological disorder characterized
by the loss of expression of Tau protein and lacks distinctive neuropathological features, that is Frontal
dementia of non-AD, non-Pick type.



British dementia, dementia pugislistica, Down’s syndrome as well as Frontotemporal
dementia (FTD) with parkinsonism linked to chromosome 17 (FTDP-17) (118–128).

8.3. Class II: A Major Tau Doublet at 64 and 69 kDa
The class II profile is characterized essentially by the aggregation of 4R-tau isoforms.

This pathological tau profile is observed in corticobasal degeneration (CBD),
Argyrophylic grain dementia, progressive supranuclear palsy (PSP), and FTDP-17
(129–131). PSP is a late-onset atypical Parkinsonism disorder described by Steele,
Richardson, and Olszewski in 1964 (132,133). Dementia is also a common feature at
the end-stage of the disease (134,135). Neuropathologically, PSP is characterized by
neuronal loss, gliosis, and NFT formation. NFT were first described in the basal gan-
glia, brainstem, and cerebellum (132). Subsequently, the degenerating process has been
described in the perirhinal, inferior temporal, and prefrontal cortex, with the same fea-
tures as subcortical NFT (136,137). Glial fibrillary tangles have also been described
(138–141). CBD was first described in 1967 and referred to as corticodentatonigral
degeneration with neuronal achromasia (142,143). It is a rare, sporadic, and slowly
progressive late-onset neurodegenerative disorder, characterized clinically by cognitive
disturbances and extrapyramidal motor dysfunction. Moderate dementia emerges some-
times late in the course of the disease (144). There is a clinical and pathological over-
lap between PSP and CBD (134,135). Neuropathological examination reveals severe
glial and neuronal abnormalities. The glial pathology in PSP is characterized by
“tufted” plaques whereas that in CBD is consisted of astrocytic plaques and numerous
tau-immunoreactive inclusions in the white matter. In CBD, achromatic ballooned neu-
rons are often detected in the cortex, brainstem, and subcortical structures, as are neu-
ritic changes and NFT (145,146). In both PSP and CBD, the pathological tau profile
consists essentially of the aggregation of 4R-tau isoforms, although a study of a large
series of PSP patients suggests that the pathological Tau profile is heterogeneous and
includes variable amounts of 3R-tau isoforms as well. Thus, an increased ratio of 4R/3R
pathological tau isoform may better define the class II of Tauopathies.

A third class II tauopathy (argyrophilic grain dementia [AGD]) was described in
1987, when Braak and coworkers (147) reported a series of eight patients with a non-
Alzheimer, late-onset dementia. Clinically, AGD is characterized by behavioral distur-
bances such as personality change and emotional imbalance as well as memory and
cognitive impairment (148). At the neuropathological level, AGD is characterized by
the occurrence of argyrophilic grains (ArG) on light microscopy of the brain tissue,
hence the name AGD. ArGs are neuronal inclusions stained by silver dyes (149). The
diagnosis of Dementia with ArGs is based on the widespread occurrence of minute,
spindle or comma-shaped, argyrophilic, tau-immunoreactive structures distinct from
neuropile threads and predominantly located in the hippocampus and related limbic
areas (150). The 4R/3R ratio has been shown to be increased in AGD, thus demonstrat-
ing that AGD is most likely a 4R tau-pathology (131,151). Although the tau pathology
in AGD principally affects the limbic system, the tau pathology has been shown to
extend throughout the cerebral cortex, very distant from the limbic temporal region, in
brain areas that are considered to be spared in AGD (152). The neocortical extension of
tau pathology in AGD is a further feature that it shares with PSP and CBD, and might
be a clue to a pathological continuum between PSP, CBD, limbic AGD, and diffuse
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AGD (152). Many features are shared by all four repeat (4R) Tauopathies. For example,
like in PSP and CBD, the subthalamic nuclei are selectively involved by Tau aggregates
in AGD patients (153). A series of 10 polymorphisms within the tau gene, including 8
SNP and 1 deletion, have been found to be inherited in complete linkage disequilibrium
with each other and with the dinucleotide polymorphism 116507(TG)n defining two
extended haplotypes (H1 and H2) that cover at least the entire tau gene (154, for reviews
see refs. 155,156). The H1/H1 haplotype is more frequent in PSP/CBD patients than in
controls or other tauopathies (11,154,157). H1/H1 may be more frequent in AGD
patients than in controls, though recent studies have failed to establish statistically a
significant difference (158,159).

8.4. Class III: A Major Tau Doublet at 60 and 64 kDa
Class III Tauopathes include PiD and autosomal dominant inherited FDTP-17 (see also

Table 1). PiD is a rare form of neurodegenerative disorder characterized by a progressive
dementing process. Early in the clinical course, patients show signs of frontal disinhibi-
tion (160). Neuropathologically, PiD is characterized by prominent fronto-temporal lobar
atrophy, gliosis, severe neuronal loss, ballooned neurons, and the presence of neuronal
inclusions called Pick bodies (161,162). Pick bodies are labeled by Tau antibodies, with a
higher density in the hippocampus than in the neocortex (161–163). The laminar distribu-
tion of Pick bodies is clearly different from other tauopathies such as PSP and CBD. In
the hippocampus, Pick bodies are numerous in granular cell neurons of the dentate gyrus,
in CA1, subiculum and entorhinal cortex, whereas in the neocortex, they are mainly found
in layers II and VI of the temporal and frontal lobes. Ultrastructurally, Pick bodies consist
of accumulation of both random coiled and straight filaments.

Biochemical analysis using a quantitative Western blot approach with phosphorylation-
dependent antitau antibodies has revealed that in all cases of PiD studied, a major 60
and 64 kDa pathological Tau doublet is observed in the isocortex, in the limbic areas
and in subcortical nuclei (145,162). A faint pathological tau band is observed at 69 kDa
(164). The pathological Tau profile of PiD contrasts with that of class II Tauopathies,
with the pathological Tau isoforms consisting essentially of the 3R-tau isoforms (164).
In addition, aggregated Tau proteins in PiD are not detected by the monoclonal antibody
12E8 raised against the phosphorylated residue ser262/ser356 whereas in other neu-
rodegenerative disorders, this phosphorylation site is detected (162,165). The lack of
phosphorylation at ser262 and 356 sites is likely to be related to either a kinase inhibi-
tion in neurons that degenerate in PiD or an absence of these kinases within degenerating
neurons (166).

Interestingly, many patients with mutations on presenilin 1 gene ([M146L] and
[G183V]) exhibit a clinical feature of fronto-temporal dementia with Pick bodies and a
major 60 and 64 kDa tau doublet (167,168, for review, 156).

8.5. Class IV: A Major Tau 60
Class IV is also represented by a single neurogical disorder, myotonic dystrophy (DM)

of types I and II. DM is the commonest form of adult-onset muscular dystrophy. It is a
multisystemic disease affecting many systems including the central nervous system
(CNS) (cognitive and neuropsychiatric impairments), the heart (cardiac conduction
defects), genital tract (testicular atrophy), eyes (cataracts), ears (deafness), gastrointestinal
tract (smooth muscle), and endocrine system (insulin resistance), thus leading to a wide
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and variable complex panel of symptoms (169,170). Clinically DM includes two entities
designated as myotonic dystrophy of type I (DM1) and myotonic dystrophy of type II
(DM2), as recommended by the International Myotonic Dystrophy Consortium (2000)
(171) as well as at the European NeuroMuscular Centre DM2/PROMM Workshop (2003)
(172). Although DM2 is also referred to as proximal myotonic myopathy, because of
subtle clinical differences (173), DM2 now refers to the gene locus and mutation (174).

DM1, the most common form of DM is an inherited autosomal dominant disorder
caused by a single gene mutation consisting of expansion of a CTG trinucleotide motif
in the 3′-untranslated region of the DM protein kinase gene (dmpk), located on chromo-
some 19q (175). The mutation that causes DM2 corresponds also to an expansion of a
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Table 1 
FTDP-17: Effects of Tau Mutations

Mutation Localization Aggregates Isoforms

R5H Exon 1 Glial 4R
R5L Exon 1 Neu(DNF) 4R + 1N3R
K257T Exon 9 Neu(PiD) 3R > 4R
L266V Exon 9 Neu/Glial 3R + 4R
G272V Exon 9 Neu(PiD) 3R + 4R
I260V Exon 9 ND ND
N279K Exon 10 Neu/Glial 4R
ΔK280 Exon 10 ND ND
L284L Exon 10 Neu 4R?
N296H Exon 10 Neu/Glial 4R
N296N Exon 10 Neu/Glial 4R
ΔN296 Exon 10 ND ND
P301L Exon 10 Neu 4R
P301S Exon 10 Neu 4R
G303V Exon 10 Neu/Glial 4R
S305N Exon 10 Neu 4R
S305S Exon 10 Neu 4R
+3, +11, +12, +13, +14, +16 Intron 10 Neu/Glial 4R
+19, +29 Intron 10 ND 3R>>4R7
+33 Intron 10 ND ND
L315R Exon 11 ND ND
K317M Exon 11 Neu/Glial 4R?
S320F Exon 11 Neu(PiD) ND
G335V Exon 12 Neu(PiD) 3R+4R?
Q336R Exon 12 Neu(PiD) 3R+4R?
V337M Exon 12 Neu 3R + 4R
E342V Exon 12 Neu 4R (0N4R>1N4R>2N4R)
S352V Exon 12 Neu ND
K369I Exon 12 Neu(PiD)/Glial 3R + 4R
G389R Exon 13 Neu(PiD) 4R > 3R
R406W Exon 13 Neu 3R + 4R

Neuronal aggregates are indicated by Neu. Neuronal inclusions corresponding to Pick bodies are pre-
cised (PiD). The cellular types of aggregates or pathological tau isoform profiles that have not been deter-
mined are indicated by ND.



CCTG tetranucleotide in the first intron (untranslated sequence) of the ZNF9 gene,
located on chromosome 3q, that encodes a nuclear protein (174,176). Both mutations
are very unstable. The length changes from one generation to another as well as in
somatic cells of an individual. Thus, DM1 and DM2 mutations share many pathogenic
similarities (for review see ref. 177).

Cognitive impairment, including memory, visuo-spatial recall, verbal scale, with cor-
tical atrophy of the frontal and the temporal lobe and white matter lesions are often
described in both DM1 and DM2 (178,179). Neuropathological lesions such as NFT,
have been observed in adult DM1 individuals more than 50 yr of age (180,181).

The pathological tau profile of DM1 is characterized by a strong pathological tau
band at 60 kDa and to a lesser extent, a pathological tau component at 64 and 69kDa.
This typical pathological tau profile is reflected by a reduced number of tau isoform
expression in the brain of individuals with DM1, both at the protein and mRNA
levels (182). In addition, tau protein expression is also demonstrated to be altered in
transgenic with human DM1 locus (183). The analysis of multiple brain regions of
one genetically confirmed DM2 patient aged of 71 yr, showed some neurofibrillary
degenerating processes. Using specific immunological probes against amino acid
sequences corresponding to exon 2 and exon 3 corresponding, the neurofibrillary
lesions were shown to be devoid of tau isoforms with N-terminal inserts (184). An
altered splicing of tau characterized by a reduced expression of tau isoforms con-
taining the N-terminal inserts characterizes both DM1 and DM2. Overall, it demon-
strates that the CNS is affected and that DM are real tauopathies. The direct
relationship between the altered splicing of Tau and neurofibrillary degeneration in
DM remains to be established. Indeed, such an altered splicing of Tau is commonly
observed in FTDP-17 and considered as reminiscent to neurofibrillary degeneration
and Tauopathies.

9. TAU MUTATIONS AND FAMILIAL FRONTOTEMPORAL DEMENTIA
AND CHROMOSOME 17-LINKED PATHOLOGIES 

Historically, FTD were often classified as a form of PiD, even when Pick cells or
Pick bodies were not found (185). However, this denomination may involve different
subgroups of pathologies, and the Lund and Manchester groups published in 1994 a
consensus on Clinical and Neuropathological Criteria for Frontotemporal Dementia
(1994) (186). This publication clarified the position of PiD within FTD, and several of
the reported cases of familial PiD were probably cases of familial FTD. Indeed, it is dif-
ficult to ascertain families, which have the classic pathological features of PiD from the
literature (187), because they often have unusual clinical features.

In 1994, Wilhelmsen and colleagues (188) described an autosomal dominantly–inherited
disease related to familial FTD, characterized by adult-onset behavioral disturbances,
frontal lobe dementia, Parkinsonism, and amyotrophy. They demonstrated a genetic
linkage between this pathology, designated disinhibition-dementia-parkinsonism-
amyotrophy complex, and chromosome 17q21–22 (188). Since then, several families
sharing strong clinical and pathological features and for which there is a linkage with
chromosome 17q22–22 have been described (189–192). They have been included in a
group of pathologies referred to as FTDP-17 (193).
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Although clinical heterogeneity exists between and within the families with FTDP-17,
usual symptoms include behavioral changes, loss of frontal executive functions, language
deficit, and hyperorality. Parkinsonism and amyotrophy are described in some families,
but are not consistent features. Neuropathologically, brains of FTD patients exhibit an
atrophy of frontal and temporal lobes, severe neuronal cell loss, gray and white matter
gliosis, and a superficial laminar spongiosis. One of the main important characteristics
is the filamentous pathology affecting the neuronal cells, or both neuronal and glial cells
in some cases. The absence of amyloid aggregates is usually established (193,194).

FTDP-17 has been related to mutations on the Tau gene (195–197). Tau mutations
always segregate with the pathology and are not found in the control subjects, suggest-
ing their pathogenical role. To date, several mutations have been described in the Tau
gene among the different families with cases diagnosed as FTDP-17 (Table 1). Twenty
missense mutations in coding regions R5H (198), R5L (199), K257T (200,201), I260V
(202), L266V (203), N279K, G272V (195,204), N279K (205–208), N296H (209,210),
G303V (211), P301L (190,212,213), P301S (214,215), S305N (206,216), L315R
(217), K317M (218), S320F (217), G335V (219), Q336R (220), V337M (221), E342V,
S352V, K369I (222), G389R (223), R406W (195), three silent mutations L284L (224),
N296N (225), S305S (226), two single amino acid deletions ΔK280 and ΔN296
(210,224,227), and nine intronic mutations in the splicing region following exon 10 at
position +3 (204), +11, +12, +13 (195), +14 (195), +16 (228), +19, +29, and +33 have
been reported (Table 1).

9.1. Mutations Affecting Tau Splicing
Depending on their functional effects, Tau protein mutations may be divided into two

groups: mutations affecting the alternative splicing of exon 10, and leading to changes
in the proportion of 4R- and 3R-Tau isoforms, and mutations modifying Tau interac-
tions with microtubules. In patients with FTDP-17 mutations affecting splicing include
intronic mutations in the splicing region following exon 10 (+3, +13, +14, +16) and
some missense mutations. Intronic mutations disturb a stem loop structure in the 5′-
splice site of exon 10 that stabilizes this region of the pre-mRNA (195,204,229,230).
Sequence analysis of this splicing region in different animals indicates that the lack of
the stem loop structure is associated with an increase in Tau mRNAs containing exon
10 (229). Indeed, without this stem loop, access of U1snRNP to this site may be facili-
tated, increasing the formation of exon 10+ Tau mRNAs and thus the 4R-Tau isoform
(224,229,230). Interestingly, in these families, abnormally phosphorylated 4R-Tau iso-
forms aggregate into filaments and display a Tau-electrophoretic profile similar to the
major Tau doublet at 64 and 69 kDa found in PSP and CBD (129,161,204,231). Some
missense mutations (N279K and S305N) also modify the splicing of exon 10 (123,224).
For instance, the change in nucleotide for N279K and S305N mutations also creates an
exon-splicing enhancer sequence (224). The silent mutation L284L increases the forma-
tion of Tau mRNAs containing exon 10, presumably by destroying an exon splicing
silencing element (224). Families with one of these three missense mutations display
the same electrophoretic Tau pattern than those having intronic mutations, namely a Tau
doublet at 64 and 69 kDa (224,232,233). Finally, the twisted ribbon filaments described
in neurons and glial cells are a common neuropathological feature in all of the neurode-
generative disorders belonging to this first group.
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9.2. Tau Missence Mutations and Tau Aggregation
The second group of Tau mutations found in FTDP-17 affects tau interaction with

microtubules and includes several missense mutations as well as a deletion mutation. The
effects of mutations G272V, P301L, P301S, V337M, G389R, and R406W in an in vitro
system of microtubule assembly were reported by Goedert and colleagues (221). These
authors showed that mutated Tau isoforms bind microtubules to a lesser extent than wild-
type isoforms. They suggest that the mutated isoforms may induce microtubule disas-
sembly (221,234). These data were confirmed by a number of studies (224,232,235).
When missense mutations are located in Tau regions common to all isoforms, outside
exon 10 (G272V, V337M, G389R, R406W), the six Tau isoforms do not bind properly
to microtubules. These proteins aggregate into paired helical filaments and straight fila-
ments similar to those described in AD, and are present in neuronal cells. Their biochem-
ical characterization shows a Tau-electrophoretic profile similar to the AD Tau-triplet.
Conversely, when missense mutations are located in exon 10 (P301L, P301S), 4R-Tau
isoforms are affected, and these do not bind to microtubules, but instead aggregate into
twisted ribbon filaments. This type of filamentous inclusions is described in both neurons
and glial cells. The biochemical characterization shows a Tau electrophoretic profile
similar to the major Tau doublet encountered in PSP and CBD.

The ΔK280 mutation is particular, as it modifies the ratio 4R-Tau/3R-Tau ratio and
could also affect the interaction between Tau and microtubules. This mutation may
decrease the formation of Tau mRNAs containing exon 10 and thus enhance the forma-
tion of 3R-Tau isoforms. Moreover, this deletion mutation is also responsible for a
considerably reduced ability of Tau to promote microtubule assembly, and is stronger
than the effect of the P301L mutation. No data are currently available on the biochem-
istry of Tau aggregates in this family (224,227).

Mutations of the Tau gene and their involvement in FTDP-17 emphasize the fact that
abnormal Tau proteins may play a central role in the etiopathogenesis of neurodegener-
ative disorders, without any implication of the amyloid cascade. The functional effects
of the mutations suggest that a reduced ability of Tau to interact with microtubules may
be upstream of hyperphosphorylation and aggregation. These mutations may also lead
to an increase in free cytoplasmic Tau (especially the 4R-Tau isoforms), and therefore
facilitating their aggregation into filaments (235). Finally, some mutations may have a
direct effect on Tau fibrillogenesis (236).

9.3. Tau Missence Mutations and In Vivo Microtubule Stabilization
Regarding the functional effects of Tau mutants, it was shown that mutations G272V,

ΔK280, P301L, P301S, and V337M cause a decreased ability of Tau to promote micro-
tubule assembly in vitro (221). However, the magnitude of the observed effects and the
reported rank order of potency of individual mutations have been variable.
Overexpression of mutant Tau in transfected cells has given inconsistent results as far
as effects on microtubule binding and stability are concerned (206,227,235). Such studies
are confounded by the problem that high expression of mutant Tau may override any
effects that are present at more physiological levels.

For in vivo investigation, recombinant tau 3R, 4R, or mutated tau are injected in
Xenopus oocytes and maturation of oocytes is used as an indicator of microtubule func-
tion (237). Normal oocyte maturation, as visualized by the appearance of a white spot
indicates that oocyte meiosis driven by microtubules is normal. Wild-type 4R-tau
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inhibits maturation of oocytes in a concentration-dependent manner, whereas 3R-tau
has no effect. These data suggest that there is a direct interaction of 4R-Tau and micro-
tubules that interferes with oocyte maturation. Whatever the concentration of the 4R-
mutant Tau (G272V, P301L, P301S, and V337M) injected in oocyte, it fails to affect
oocyte maturation although few changes in the organization of meiotic spindles are
observed. In contrast to wild-type 4R-tau, these mutations are likely to reduce the inter-
action of tau with microtubules. Two additional mutations (R406W and S305N) have
been analyzed and found to perturb oocyte maturation. Differential phosphorylation
cannot explain the data obtained for the first group of Tau mutants as wild-type 3R- and
4R-tau are found to be phosphorylated at the same extent as the G272V, P301L, P301S,
and V337M 4R Tau mutants. Therefore, these mutations strongly reduce the ability of
Tau to interact with microtubules (237).

Regarding the R406W mutation, there are some controversial effects: state of phos-
phorylation and reduced microtubule binding. At low concentrations, R406W Tau
mutant strongly interferes with oocyte maturation even when no effect is observed with
wild-type 4R-tau. Conversely, at high concentrations similar to those of injected wild-
type 4R-tau that block maturation, oocyte maturation is never completely abolished.
Altogether, these data suggest that at low concentrations the R406W mutant Tau is less
phosphorylated and thus show a better microtubule binding whereas at high concentra-
tions, the phosphorylation state is not sufficient to thwart the reduction of microtubule
binding of this Tau mutant (237).

The most pronounced inhibitory effect on oocyte maturation is observed with the
S305N Tau, even following microinjections of small amounts of Tau protein. This effect
is independent of phosphorylation. It was shown that S305N Tau has a slightly increased
ability to promote microtubule assembly in vitro when compared with wild-type protein
(206). Altogether, these data demonstrate that in vivo Tau missense mutations either
strongly reduce interactions with microtubules or increase these interactions. The
observed phenotype is dependent on the combined effect of Tau phosphorylation and
concentration. It also demonstrates that the Xenopus oocyte is an interesting heterologous
model system for following perturbations in microtubule function.

10. FAMILIAL VS SPORADIC TAUOPATHIES

The mapping of the spatiotemporal distribution of tau pathology in the different brain
areas is important to understand how the disease spreads in the brain. Although tau gene
mutations affect simultaneoulsy different brain areas, many “sporadic” tauopathies
affect first a precise vulnerable area: the entorhinal and hippocampal area in AD, the
brain stem in PSP and CBD.

Indeed, there is a precise biochemical pathway of tau pathology in aging and in AD.
The progression of tau pathology is sequential, invariable, hierarchical, and predictable.
10 stages (S1–S10) were defined, corresponding to 10 brain areas sequentially affected
(238). The extension of the tauopathy fits well with the evolution of cognitive deficits,
from memory disorders when the hippocampal formation is affected (stages 1–3) to lan-
guage impairment (temporal areas affected at stages 4–6) and then to apraxia, agnosia
when frontal and parietal areas are involved (stage 7–10).

It is interesting to note that the pathway of tau pathology in PSP and in CBD is quite
different from the one in AD, and roughly the opposite, emerging from subcortical
nuclei toward the neocortex, and especially the frontal motor cortex. In most sporadic
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neurodegenerative disorders, the spreading of tau pathology follows specific neuronal
connections, like a precise neuronal chain reaction. This pathway starts in the vulnerable
brain area characteristic of the disease to specific neocortical brain areas. At that level of
tau extension, a dementing process is occuring. These observations in the human brain
demonstrate the progressive collapse of neuronal populations, along cortico-cortical of
subcortico-cortical connections.

11. CONCLUSIONS

Aggregation of tau proteins in filamentous inclusions is a common feature of more
than 20 neurodegenerative disorders. The laminar and regional distribution of NFT or
other inclusions are different among dementing conditions. Likewise, a “bar code” of
pathological tau proteins electrophoretic profiles permits a classification of disorders
sharing similar biochemical signatures. Many parameters can explain this classification
such as the selective aggregation of specific sets of tau isoforms, the differential vulner-
ability of subneuronal population, in addition to possibly variable sets of enzymes (e.g.,
kinases, phosphatases). Not withstanding the regional or laminar distribution or the elec-
trophoretic pattern of pathological tau proteins, their aggregation is always correlated to
dementia when association neocortical areas are involved. The recent discovery of muta-
tions on the tau gene, resulting in an abnormal aggregation of tau isoforms into filamen-
tous inclusions in FTDP-17, demonstrates that abnormal tau metabolism is sufficient to
induce nerve cell degeneration, in relationship with the property of mutant tau to regu-
late microtubule dynamics. The role of tau haplotypes and mutations in neurodegenera-
tion and tau aggregation is likely to be central. Is PiD really a sporadic disorder? Are PSP
and CBD related to specific tau H1 haplotype? How PS1 mutations related to Tau pathol-
ogy? Numerous questions have recently emerged and should allow for a better under-
standing of tau pathology.

Altogether, these data indicate that numerous mechanisms including cell vulnerability,
regulation of many enzymes, and tau mutations could interact to disturb tau metabolism,
and result in the disorganization of the cystoskeleton, including the microtubule network,
commonly observed in all of these neurodegenerative illnesses. But the key event is
always the disorganization of the cytoskeleton leading to nerve cell degeneration.
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SUMMARY

The neural protein tau was first identified and purified in 1975 as a protein that
copurifies with tubulin and assembles tubulin subunits into microtubules (1). Although
tau has been studied intensively for almost 30 yr, many aspects of tau structure, func-
tion, and regulation remain unclear. Whereas tau is widely appreciated to be important
in normal neurodevelopment (reviewed in refs. 2,3), it is most widely known because
it is the major component of the intraneuronal “neurofibrillary tangles” associated
with Alzheimer’s disease pathology (4–7). In addition to Alzheimer’s disease, these
insoluble and abnormal tau tangles are also associated with numerous other neurode-
generative disorders known collectively as “tauopathies.” This chapter will discuss
historical and current research regarding normal tau structure, function, and regulation
as well as possible molecular mechanisms of tau-mediated neuronal cell death in disease.

Key Words: Microtubule dynamics; neurodegeneration; Alzheimer’s disease;
FTOP-17; dementia; tauopathy.

1. IN VIVO/CELLULAR STUDIES OF NORMAL TAU FUNCTION

Tau is expressed primarily in the cell body and axons of neurons, although it is also
expressed at lower levels in glial cells (reviewed in ref. 8). The initial expression and
action of tau coincides temporally with the initial extension of neuronal processes during
development (9,10), and its expression is maintained and tightly regulated throughout
adulthood. A variety of necessity and sufficiency studies have been performed in order
to elucidate the functional roles of tau in neurons. Antisense experiments demonstrated
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that normal levels of tau expression are necessary for the establishment of neuronal cell
polarity, as well as for neuronal process extension and stability (10–13). Furthermore,
expression of tau in non-neuronal cells demonstrated that tau is sufficient to increase
microtubule density, stability, and bundling; in cases of very high levels of expression,
tau actually induced process outgrowth in some non-neuronal cells (14–19). Taken
together, these studies led to the conclusion that the assembly and stabilization of
microtubules by tau is required for the establishment of neuronal cell polarity, as well as
outgrowth and maintenance of neuronal processes.

Several later studies brought this conclusion into question. The first question arose
when the production of a tau knockout mouse failed to produce a strong phenotype (20).
These mice were immunohistologically normal and exhibited normal axonal outgrowth.
The only significant deficit was a slight decrease in microtubule stability in small caliber
axons. However, another microtubule-associated protein, MAP1A, was shown to be
upregulated in these mice; the authors suggested that the increased level of MAP1A
might compensate for the loss of tau. Subsequently, another study found that inactiva-
tion of tau by microinjection of function-blocking antibodies did not prevent normal
axonal outgrowth in cultured sympathetic neurons (21). Shortly thereafter, a second tau
knockout mouse was generated that exhibited a stronger phenotype including delayed
axonal extension, but again, neuronal cell polarity was established in the absence of tau
(22). To address directly the possibility that the limited phenotypes of tau knockout
mice were owing to functional redundancy, double-knockout mice were produced in
which both tau and MAP1B (known to be highly expressed in neurons) were disrupted
(23). These mice displayed a severe phenotype, having a life-span of only 4 wk (23).
Thus, MAP1B and tau appear to be able to substitute for one another in mice, preventing
a clear conclusion regarding the functional roles of tau based on mouse genetic analysis.
The relevance of such functional redundancy to normal human development remains
uncertain. Taken together, the weight of the evidence continues to support important
roles for tau in neural development, with the additional note that at least in mice, other
MAPs can be redundant with tau function.

2. THE TAU: MICROTUBULE INTERACTION

2.1. Breaking It Down—Tau Structure and Function
Tau is a member of a family of closely related microtubule-associated proteins, which

also includes MAP2 and MAP4 (24,25) The domain structure of tau consists of an N-ter-
minal “projection domain,” a proline-rich basic region, a conserved microtubule-binding
region consisting of a series of evenly spaced imperfect repeats and a C-terminal tail. The
repeat region contains the microtubule-binding domain (Fig. 1). Whereas only a single
tau isoform is expressed in fetal brain, alternative RNA splicing of tau RNA leads to the
synthesis of six different tau isoforms in the adult central nervous system (26–28). These
six isoforms arise from the exclusion/inclusion of exons 2 and 3 encoded sequences in
the N-terminal portion of the protein, and the exclusion/ inclusion of exon 10 encoded
sequences in the repeat region (Fig. 1). Notably, the exclusion of exon 10 encoded
sequences results in a protein containing only three imperfect repeats (3-repeat tau),
whereas its inclusion generates an isoform with 4 imperfect repeats (4-repeat tau).

The fact that the region of tau responsible for promoting microtubule assembly and
stability consists of a series of evenly spaced repeats led to a straight-forward “linear”
model for tau action in which each 18 amino acid long repeat serves as an independent
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tubulin-binding domain separated from one another by 13–14 amino acid long spacers
or linkers that allowed for the proper positioning of the repeats on the tubulin lattice
(26,29,30). By binding in this manner, tau was proposed to assemble and stabilize
microtubules by crosslinking the tubulin subunits together. A number of structure–
function studies were performed to test this model and gain an understanding of how
the domains of tau function to bind, assemble, and stabilize microtubules. These stud-
ies generally involved one of two in vitro assays. The first was a microtubule-binding
assay in which taxol-stabilized microtubules were incubated with either full-length tau
or a fragment of tau. After reaching equilibrium, the microtubules were pelleted by cen-
trifugation and the proportion of tau that cosedimented with the microtubules and was
quantified in order to determine the binding affinity of the tau molecule being assayed.
The second assay was a microtubule assembly assay in which the ability of a given tau
molecule to promote microtubule assembly was quantified using spectrophotometric
light scattering to monitor the level of microtubule polymer present in a reaction as a
function of time.

Both binding and assembly assays demonstrated that the 6-tau isoforms fell into two
functional groups—4-repeat tau and 3-repeat tau. In general, 4-repeat tau exhibited two
to threefold greater microtubule binding and assembly activities than 3-repeat tau; by
comparison, the presence or absence of sequences encoded by exons 2 and 3 had little
effect (31,32). The fact that an additional repeat enhanced microtubule binding and
assembly activities supported the view that individual repeats serve as independent
tubulin-binding domains.

Several early tau fragment and truncation studies also supported this model. For
example, each repeat was shown to contribute to tau’s microtubule-binding affinity
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Fig. 1. Domain structure of the 6-tau isoforms expressed in the central nervous system. The domains
of tau consist of a projection domain, a proline-rich region, a repeat region, and a C-terminal tail as
indicated by blue arrows at the bottom of the figure. Alternative splicing of exons 2, 3, and 10 (shown
in red) results in the expression of 6 different isoforms of tau in the adult central nervous system. Exon
10 encodes the first inter-repeat and the second imperfect repeat and the exclusion of this exon
results in 3-repeat tau. Shaded boxes indicate repeats. To view this figure in color, see the insert and
the companion CD-ROM.



(30,30a,33,34). However, other work indicated that the actual mechanism of tau bind-
ing to microtubules was significantly more complex. First, Ennulat et al. (35) found
that a single repeat can assemble microtubules, which was not easily consistent with the
simple crosslinking model. Similarly, synthetic peptides corresponding to individual
repeats stabilize microtubule dynamics (36). Additionally, Goode and Feinstein, 1994
(33) showed that the inter-repeat between repeats 1 and 2 (which is specific to 4-repeat
tau) possessed very potent microtubule binding and assembly capability; indeed, it was
several times more active than any of the repeats. Finally, more detailed truncation stud-
ies showed that the first two repeats (in both 3-repeat and 4-repeat tau) and their inter-
vening inter-repeat make a much stronger contribution to microtubule-binding affinity
than the remaining repeats and inter-repeats, thus defining a core microtubule binding
domain (32,33) (Fig. 2).

The regions that flank the repeat region (the proline-rich region on the amino side and
the C-terminal tail), whereas unable to bind microtubules on their own (30,32), can
contribute significantly to the binding activity of the repeat region (30,32,34,37). Thus,
these regions regulate the microtubule-binding activity of the repeat region, perhaps
through protein-folding effects. In contrast, the N-terminus does not contribute to the
binding and assembly of microtubules (30,34), but rather appears to affect microtubule
spacing plasma membrane attachment and/or tau phosphorylation (38,39a).

Finally, the C-terminal tail of tau affects microtubule binding in an especially inter-
esting manner, that is, it plays a much greater role in the binding of 3-repeat tau than 
4-repeat tau (32). This indicates that 3-repeat and 4-repeat tau may bind to microtubules
with different conformations. The possibility of isoform specific structure-function fea-
tures was first suggested by earlier competition studies in which a small peptide corre-
sponding to the 4-repeat specific inter-repeat between repeats 1 and 2 was able to
compete for binding with 4-repeat tau, but not with 3-repeat tau (33).

Taken together, these studies have led to a refined model in which 3-repeat and 
4-repeat tau adopt isoform-specific folded conformations on binding to microtubules
(32). Because structure determines function, it follows that these different tau confor-
mations could confer different functional effects on the region of microtubule to which
they are bound (see Fig. 3 and next subheading for more details).
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Fig. 2. “Core microtubule-binding domain” model for Tau’s interaction with microtubules. Based on
truncation and deletion analysis, Goode et al., 2000 (32) proposed that tau interacts with microtubules
through a core microtubule-binding domain made up of the first two imperfect repeats and the inter-
repeat between them. The regions flanking the repeat region, i.e., the proline rich region on the amino
side and the C-terminus on the carboxyl side, influence the nature of the microtubule-binding event
indirectly, likely through folding effects. That the core microtubule-binding domain differs signifi-
cantly between 3-repeat (fetal) and 4-repeat (adult) tau leads to the possibility of isoform specific
mechanisms of action (see also Fig. 3), which is predicted by the developmentally regulated expres-
sion of tau isoforms and demanded by the FTDP-17 RNA splicing mutations.



2.2. The Tubulin-Binding Site(s) for Tau
Considerable effort has also been expended seeking to define the site(s) on tubulin that

interact with tau. Although early biochemical approaches concluded that the C-terminal
ends of both α- and β-tubulin are important for the tau–tubulin interaction, there remain
a number of discrepancies regarding the exact locations and number of tau-binding sites
on the tubulin subunits (40–45). More recently, Chan et al. used a chemical crosslinking
study to identify two distinct sites on each tubulin subunit, one located within the 12 C-
terminal amino acids on each α- and β-tubulin polypeptide and a second “internal” site
located within the C-terminal one-third of each monomer but not within the last 12 amino
acids (46). Their data further indicated that tau crosslinks to the C-terminal sites of α- and
β-tubulin through repeat 1 and/or the adjacent inter-repeat. The crosslinking to the internal
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Fig. 3. Isoform-specific tau:microtubule interaction. This model, proposed in Goode et al., 2000 (32),
integrates an induced fit perspective along with isoform-specific action by 3-repeat and 4-repeat tau.
Tau has little higher ordered structure when it is in solution, consistent with biophysical studies (123).
On interaction with microtubules, each tau isoform adopts a more complex and isoform-specific
folded structure involving intramolecular interactions between the different core microtubule-binding
domains and flanking regions, which in turn differentially influences microtubule structure and func-
tion, for example, the regulation of microtubule dynamics. Each sphere represents a α or β-tubulin
monomer, as labeled. The “P” box corresponds to the proline-rich region that can regulate micro-
tubule-binding activity indirectly.



site is most likely mediated by the second repeat, i.e., repeat 2 in 4-repeat tau and repeat
3 in 3-repeat tau.

On a larger scale, biophysical approaches have also been used to address the nature of
the tau–microtubule interaction. Al-Bassam et al. (47) compared tau decorated and con-
trol microtubules using cryo-EM and helical image analysis. Their data suggested that
tau forms an ordered structure along protofilament ridges on the microtubule exterior
(i.e., the highest point on each protofilament relative to the center of the microtubule, as
opposed to the “valleys” between adjacent protofilaments), interacting with the carboxyl
end of each tubulin subunit and perhaps bridging the tubulin interfaces to stabilize lon-
gitudinal interactions (i.e., the interactions between sequential tubulin subunits along
each protofilament). In contrast, Makrides et al. (48) used atomic force microscopy to
visualize the tau–microtubule interaction. At low molar ratios of tau:tubulin, tau
oligomers were observed in ring-like structures encircling the outer surface of micro-
tubules, perhaps suggesting stabilization of lateral protofilament–protofilament interac-
tions. At saturating tau:tubulin ratios, tau covered the entire surface of microtubules in a
regular structural pattern. Finally, Kar et al. (49) used three-dimensional electron cryomi-
croscopy and found that tau binds to the inner surface of microtubules, close to the taxol-
binding site on β-tubulin. This result suggested that tau might stabilize microtubules in a
similar way to taxol, although with a lower affinity allowing for reversible assembly.
Indeed, tau and taxol do stabilize microtubule dynamics in quite similar manners (50).

Thus, there is uncertainty concerning the number and location of tau-binding site(s)
on microtubules. At least a partial resolution to this situation may have been revealed by
a recent equilibrium-competition binding study, suggesting that tau can bind to two dis-
tinct sites on microtubules, one that displays reversible-binding kinetics and another with
irreversible-binding kinetics (51). Whether these two kinetically defined sites correspond
to two distinct physical sites or two forms of a single site is yet to be determined.

3. MICROTUBULES, TAU, AND THE REGULATION 
OF MICROTUBULE DYNAMICS

Microtubules are involved in many essential cellular processes, including cell divi-
sion, protein trafficking, and the generation and maintenance of cell shape. The highly
elongated morphology of neuronal cells magnifies the importance of microtubules,
which are essential for the establishment and maintenance of cell morphology, as well
as for axonal transport, which moves cargo up and down the long axonal process.

Microtubules display two types of dynamic behavior: treadmilling and dynamic
instability (see Chapter 10). Treadmilling (or flux) occurs as a result of a net addition
of tubulin subunits at the plus end and a net loss of subunits at the minus end (52–54).
Dynamic instability is characterized by transitions between slow growth and rapid
shortening at microtubule ends, and is most prominent at the plus ends of micro-
tubules (55–59).

Microtubule dynamic behavior can vary between cell types according to the role of
microtubules in that cell, and can even vary from one subcellular location to another.
For instance, in neurons, axonal microtubules are relatively stable and this stability is
thought to be important for their function (60). On the other hand, growth cones possess
both stable and highly dynamic microtubules, and it has been shown that rapid microtubule
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dynamics are required for axon elongation (61). Pharmacological studies support the
idea that proper regulation of microtubule dynamics is important for cell survival. For
example, studies with the microtubule-stabilizing drug taxol have shown that overstabi-
lization of microtubules leads to cell arrest, which can then lead to apoptosis (62,63). At
the other extreme, elegant somatic cell genetics studies using taxol-resistant cell lines
demonstrate that understabilization of microtubules can also lead to cell arrest (64).
These results suggest that there is a window of acceptable microtubule dynamics nec-
essary for proper microtubule function and cell viability.

The ability of tau to stabilize microtubules has been well characterized in vitro.
During conditions of net microtubule assembly in vitro, tau increases the rate of tubulin
polymerization (the microtubule growth rate), decreases the rate of depolymerization
(the microtubule shortening rate), and inhibits the transition from growth phase to short-
ening phase (the catastrophe frequency), resulting in a kinetic stabilization of micro-
tubules (65,66). Under steady-state conditions in vitro, in which there is no net polymer
gain and which are likely to be more relevant to conditions within mature neurons, a
similar stabilization is seen, except that tau decreases the growth rate as well as the
shortening rate (36). This stabilization is detectable even at very low molar ratios of tau
to tubulin, far lower than those that produce an effect on microtubule assembly rates
(36). In terms of structure and function in vitro dynamics studies using various tau frag-
ments agree relatively well with binding and assembly studies, indicating that the repeat
region and the regions flanking the repeat region are important in stabilizing micro-
tubules (36,66). Also consistent with results from microtubule assembly assays, small
peptides containing a single repeat or inter-repeat region of tau are able to regulate
microtubule dynamics (36).

Only a few studies have directly addressed the effects of tau on microtubule
dynamics in living cells. In one study, heat-stable MAPs (consisting mainly of MAP2
and tau) were injected into non-neuronal cells and were found to stabilize micro-
tubules in a similar manner to that seen for tau under steady state conditions in vitro
(67). In more recent work by Bunker et al. (68), physiologically relevant concentra-
tions of both 3-repeat and 4-repeat tau were microinjected into non-neuronal cells and
the effects on the dynamic instability behavior of individual microtubules was meas-
ured by time-lapse microscopy. Both isoforms suppressed microtubule dynamics,
though to different extents. Specifically, 4-repeat tau reduced the rate and extent of
both growing and shortening events. In contrast, 3-repeat tau stabilized most dynamic
parameters about threefold less potently than 4-repeat tau and had only a minimal
ability to suppress shortening events. That 4-repeat tau has a much stronger effect on
shortening events than does 3-repeat tau in cells is consistent with in vitro work by
Panda et al. (69) and Levy et al. (69a).

Taken together, the in vitro and in vivo data demonstrate clearly that tau is a potent
regulator of microtubule dynamics. Further, 3-repeat and 4-repeat tau exhibit both quan-
titative and qualitative mechanistic differences. All other factors being equal, these dif-
ferences suggest that fetal neurons expressing only 3-repeat tau should be considerably
more dynamic than mature neurons expressing equal amounts of 3-repeat and 4-repeat
tau. This is consistent with the notion that fetal neurons require a more plastic cytoskele-
ton to successfully navigate to their target than do mature, synapsed neurons. These data
also have implications for tau-mediated neuronal cell death (see Section 4).
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3.1. Regulation of Tau
Since the proper regulation of microtubule function is critical for cell survival and tau

is a major regulator of microtubule function, it follows that the regulation of tau activity
is likely to be equally important. There are two major mechanisms regulating tau activity:
alternative RNA splicing and phosphorylation. As noted earlier, alternative RNA splicing
results in the synthesis of 6-tau isoforms in the adult central nervous system that can be
grouped into two categories, 3-repeat tau and 4-repeat tau (Fig. 1). Also as noted earlier,
tau isoform expression is developmentally regulated, with fetal brain expressing only 
3-repeat tau, whereas adult brain expresses approximately equal amounts of 3-repeat and
4-repeat tau (28,70,71).

Tau is also a highly phosphorylated protein. At least 30 Ser–Thr phosphorylation
sites have been identified in tau using mass spectrometry and monoclonal antibodies
(72, reviewed in ref. 2). The majority of these sites are proline directed (i.e., the +1
residue is a proline) and they are concentrated primarily in the regions of tau that flank
the repeat region. However, there are also several KXGS sites located in the repeat
region. Additionally, recent work has demonstrated that tau can be tyrosine phosphory-
lated as well (73,74).

In the central nervous system, tau exists as a highly heterogeneous mixture of par-
tially phosphorylated molecules (reviewed in ref. 72). However, this phosphorylation is
developmentally regulated; fetal tau has a greater average molar ratio of phosphates per
tau molecule (~7) than normal adult tau (~2–3) (75,76). As phosphorylation at many of
these sites has been demonstrated to decrease the ability of tau to bind and assemble
microtubules (77–79), this developmental decrease in phosphorylation would be pre-
dicted to increase tau potency later in development. Thus, as with alternative splicing,
microtubule stability would increase as development progressed. Interestingly, tau
phosphorylation levels are increased in Alzheimer’s disease and related dementias (2).
Although many kinases have been shown to phosphorylate tau in vitro, there are four
kinases for which strong evidence exists for an in vivo role: the proline directed kinases
GSK3ββ and CDK5, the nonproline directed kinase MARK and the nonreceptor tyro-
sine kinase fyn. All of these kinases coimmunoprecipitate with tau from cells, phospho-
rylate tau in cells, and/or have been shown to alter phosphorylation levels of tau in
mouse models (73,74,80–84).

4. TAU DYSFUNCTION IN NEURODEGENERATIVE DISEASE

Intraneuronal neurofibrillary tangles (NFTs) are one of the two hallmark pathologi-
cal features of Alzheimer’s disease, the second being extracellular amyloid plaques
composed of amyloid β (Aβ). In 1986, tau was found to be the major component of
NFTs found in the brains of patients with Alzheimer’s disease (4–7). Subsequently,
“tau tangles” have been correlated with numerous additional neurodegenerative dis-
eases, now referred to as “tauopathies,” including fronto-temporal dementias, Pick’s
disease, and supra-nuclear palsy (85,86). However, until recently, it remained unclear
whether tau played a causal role in disease or whether it was simply a downstream con-
sequence of neuronal cell death. The answer to this fundamentally important question
came in 1998, when a group of disorders known as fronto-temporal dementia with
Parkinsonism linked to chromosome 17 (FTDP-17) were genetically linked to multiple
mutations in the tau gene. These mutations, all of which exhibited dominant phenotypes,
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demonstrated unequivocally that errors in tau action can cause neuronal cell death and
dementia (87–89). Interestingly, FTDP-17 patients do not exhibit Aβ plaques. These
findings led to a model in which tau dysfunction is a downstream consequence of Aβ
action in Alzheimer’s disease, whereas tau dysfunction is the initiating event in FTDP-
17, causing neuronal cell death without Aβ pathology. In both cases, errors in tau action
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Fig. 4. Three possible pathways of tau-mediated neuronal cell death. Pathway 1—This gain-of-
function model suggests that some genetic or environmental factor(s) cause tau to dissociate from
microtubules and aggregate into abnormal, cytotoxic neurofibrillary tangles. Pathway 2—This
dosage-effect/loss-of-function model suggests that some genetic or environmental factor(s) cause tau
to improperly regulate microtubule dynamics, leading to under- or overstabilized microtubules. As a
result, these improperly regulated microtubules cannot perform their normal essential cellular func-
tions, leading to cell death. Pathway 3—This model incorporates elements of pathways 1 and 2. In
this model, some genetic or environmental factor(s) cause tau to dissociate from microtubules and
aggregate into abnormal neurofibrillary tangles. The sequestration of tau in these aggregates results
in less tau to regulate microtubule dynamics, leading to overactive microtubules that cannot perform
their essential functions, leading to cell death. To view this figure in color, see the insert and the 
companion CD-ROM.



are in the pathway leading to neuronal cell death. This model was supported by subse-
quent work using cultured cells from a tau knockout mouse that demonstrated that Aβ
mediated toxicity depends on the presence of tau (90).

Although the genetic data clearly demonstrate that errors in tau action can cause neu-
rodegeneration, the underlying molecular mechanisms of tau dysfunction remain to be
determined. There are a number of hypotheses that have been put forth, some of which
are schematized in Figure 4. 

1. Defects in tau cause NFTs to form, which are cytotoxic and directly cause neuronal cell
death; 

2. Defects in tau cause NFTs to form, sequestering tau so that it is no longer able to per-
form its normal function of stabilizing microtubules, leading to disruption of micro-
tubule function and subsequent cell death; 

3. Defects in tau directly decrease the ability of tau to regulate microtubule dynamics,
which leads to disruption of microtubule function and cell death. 

In this last model, NFT formation occurs after the cell has died (or when it is com-
mitted and well on the way to death) and is therefore not a part of the mechanism(s)
causing cell death. The first of these models is a gain-of-function model, whereas the
second and third are loss-of-function models. Each will be discussed further later.

4.1. Two Classes of FTDP-17 Tau Mutations
Upon the discovery of tau FTDP-17 mutations, researchers immediately began to try

to determine the molecular consequences of the mutations in order to gain insight into
the mechanism(s) of disease. There has now been at least 33 point mutations found in
more than 80 families (reviewed in ref. 86). As noted earlier, it is especially important
to emphasize the fact that all of the mutations display genetic dominance; therefore, any
proposed mechanism must account for the fact that only one mutant allele is required to
cause disease. Also of interest is that whereas some FTDP-17 mutations result in
changes in the amino acid sequence of tau, others are silent or intronic. Thus the muta-
tions are divided into two categories: those that act at the protein level and those that act
at the RNA level.

The mutations that act at the protein level consist of single amino acid substitution
or deletion mutations. The fact that the vast majority of these mutations map to the
microtubule-binding region of tau, or the flanking regions that regulate microtubule bind-
ing, immediately raises the notion of loss-of-function. Indeed, in vitro studies have found
that these mutations generally lead to a decreased interaction with microtubules, as meas-
ured by a reduction in the ability of the mutant tau to bind and assemble microtubules
(87,91,92). A similar loss of microtubule association has been reported in transfected
cells (93,94). These findings suggest that the mutations could result in the misregulation
of microtubule dynamics owing to a haplo-insufficiency mechanism in which both alleles
must produce functional tau for proper action. However, it is also possible that the decreased
tau–microtubule interaction leads to increased levels of non-microtubule bound tau in the
cytosol which could be available for filament formation. In fact, some studies have found
that some missense mutations (though not all) increase the propensity of tau to form
filaments in vitro (95,96). These NFTs could then contribute to cell death either by
sequestering tau or by a direct toxic effect.
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The mutations that act at the RNA level (or splicing mutations) are mainly silent or
intronic mutations that alter the efficiency of exon 10 splicing (88,97–101). The conse-
quence of these mutations is that the normal adult pattern of 50% 4-repeat tau and 50%
3-repeat tau is altered, increasing the amount of 4-repeat tau relative to 3-repeat tau.
Theoretically, keeping in mind that only one allele is mutated, the 4-repeat tau to 3-repeat
tau molar ratio should shift to 3:1, and a shift of approximately this magnitude has been
confirmed at the protein level in brain extracts from FTDP-17 patients (87). The fact that
neurodegeneration results from simply altering the ratio of otherwise wild-type proteins
indicates that there must be important functional differences between the two isoforms,
such as in their respective abilities to bind microtubules and regulate their actions  (see
Section 3). Altering the isoform ratio could therefore result in changes in microtubule
behavior. Alternatively, perhaps an overabundance of one isoform could increase the
levels of that isoform in the cytosol (102), possibly resulting in increased incorporation
of the overabundant isoform into NFTs. Indeed, it has been demonstrated that the NFTs
formed in patients with splicing mutations do consist mainly of the overabundant iso-
form (88,103,104).

4.2. Tau Transgenic Models
Tau transgenic studies in several species have also been used to gain insight into nor-

mal and pathological tau action. Transgenic mice overexpressing 4-repeat wild-type tau
in neurons, recapitulating the overabundance of 4-repeat tau seen in splicing mutations,
exhibit defects in neuronal function and axonal degeneration without the presence of
NFTs (105–107). However, the interpretation of these results is complicated by the fact
that adult rodents normally express only 4-repeat tau rather than the human pattern of
equal amounts of 3-repeat and 4-repeat tau. Similar studies have been performed using
flies, worms, and lampreys as model systems (108–110). In all these systems, tau over-
expression leads to neurodegeneration, however, NFTs were detected only in lamprey
neurons. These findings demonstrate that tau-mediated neuronal cell death can occur in
the absence of NFTs, and favor the loss-of-function hypotheses that neurodegeneration
results from the disruption of normal microtubule function rather than from cytotoxic
NFTs. However, the possibility remains that accumulation of excess soluble tau in the
cytoplasm is toxic. Furthermore, expression of high levels of exogenous tau on top of
endogenous tau may be detrimental to cells through a mechanism independent of the
actual human disease mechanism.

In addition to wild-type tau, FTDP-17 mutant tau has also been transgenically
expressed in mice, Drosophila, and Caenorhabditis elegans (109–114). The overexpres-
sion of FTDP-17 mutant tau consistently produces more severe phenotypes than the
overexpression of wild-type tau. As FTDP-17 tau is expressed on top of endogenous tau
in these animal models, it would be expected that microtubules should be overstabilized
in all cases, and more so by wild-type than FTDP-17 tau. Thus, these results are not eas-
ily reconciled with the model that neuronal cell death results from misregulation of
microtubule dynamics. However, interpretation of data from transgenic mouse models
can be complicated by ill-defined compensatory mechanisms, varying levels of expres-
sion, and divergent genetic backgrounds. Nonetheless, the simplest interpretation of
these data is that the mutated forms of tau are more toxic than wild-type tau, supporting
the hypothesis that a toxic effect of tau causes neurodegeneration. Yet, NFTs are still not
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formed in most of the model systems, supporting the idea that NFTs themselves may
not be a part of the pathway to cell death and disease, but rather be a byproduct of the
disease process.

4.3. Loss-of-Microtubule-Function Models Vs Filament-Formation 
Models of Neurodegeneration

It is useful to assess how the observations and experimental data that have been accu-
mulated regarding Alzheimer’s disease and FTDP-17 fit with the models of how tau
might cause neurodegeneration (Fig. 4 and Section 3.1). In these models there are two
major cellular events that can precede neuronal cell death: filament formation and/or
microtubule misregulation. Filament formation is central to the first two models pre-
sented, in which tau filaments are either toxic to the cell or serve to sequester tau and
thereby prevent it from performing its normal regulatory function on microtubule
behavior. Microtubule misregulation is central to the second and third models, in which
sequestered tau fails to properly regulate microtubules, or mutations in tau directly
interfere with the ability of tau to regulate microtubules. Importantly, these two ideas
are not necessarily mutually exclusive, as seen in the sequestration model.

Models to which filament formation is central are supported by the fact that several
mutations increase the propensity of tau to form fibers in in vitro reactions (95,96) and
the fact that the number of filaments observed in the brain correlates with the severity
of dementia (115). However, as just described, numerous animal models have shown
that tau-mediated neurodegeneration can occur in the absence of NFTs, indicating that
they are not necessary for cell death (107–111). This finding may be reconciled with the
toxicity and sequestration models if there is a “pretangle” tau oligomer or misfolded
form of tau that cannot bind microtubules and/or has a toxic effect before tangles are
fully formed. This would be consistent with popular models for other disease causing
proteins, including Aβ (116).

The models in which loss of microtubule function contributes to neurodegenera-
tion, are supported by several lines of evidence. First, there is significant microtubule
loss in Alzheimer’s disease brains, both in number and length (117). Second, overex-
pression of tau in astrocytes decreases the number of stable microtubules in the cells,
leading to disruption of the cytoskeleton, abnormal trafficking, and eventually cell
death (118). Third, overexpression of tau in neurons has been shown to disrupt nor-
mal axonal transport (119,120) and it has been shown that disruption of microtubule-
based axonal transport in mice is sufficient to cause age-dependent neurodegeneration
(121). Moreover, the microtubule dynamics stabilizing drug paclitaxel has been
shown to restore relatively normal axonal transport and proper motor function to mice
exhibiting impaired motor function in a mouse tauopathy model (122). These in vivo
findings, along with the finding that tau mutations decrease the affinity of tau for
microtubules in vitro, support the idea that loss of microtubule function plays a key
role in neurodegeneration. The strongest evidence against these models is that FTDP-17
tau is a more potent inducer of neurodegeneration than wild-type tau when expressed
on top of endogenous wild-type tau in animal models (110–114), suggesting that the
mechanism is not a loss-of-function mechanism. Taken together, the data do not yet
clearly support one model over the others. In the final analysis, further work will be
necessary to elucidate the mechanism(s) underlying tau-induced neuronal cell death
in dementia (123,124).
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thermodynamic analysis of microtubule

binding, 37, 38
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toxicity, 397, 398
tubulin binding sites, 2, 221–223

Palmitoylation, tubulin, 112
Panzem, see 2-Methoxyesradiol
Patupilone, see Epothilone B
PDT, see Photodynamic therapy
Pedophyllotoxin

mechanism of action, 7
structure, 6

Peloruside A
structure, 4
tubulin binding sites, 2

Peptide antimicrotubule agents, see also 
specific agents

comparison of types, 232
cryptorphycins

cell studies, 238
clinical trials, 239
origins, 237
structures, 237
tubulin interactions, 238
tumor model studies, 239

diazonamides, 247, 248
dolastatins

cell studies, 234
clinical trials, 235–237
origins, 231
structures, 233
tubulin interactions, 231, 233, 234
tumor model studies, 234, 235

evaluation
animal studies, 230, 231
cellular assays, 230
clinical trials, 231
interaction with tubulin-enriched prepa-

rations, 229, 230
overview, 229

hemiasterlins
cell studies, 243, 244
clinical trials, 244
origins, 239, 240
structures, 240
tubulin interactions, 241, 242
tumor model studies, 244

phompopsin, 244–246
prospects for study, 250
tubulysins, 248, 249
ustiloxins, 244–246
vitilevuamide, 249, 250

Permeability transition pore (PTP), mitochon-
drial proapoptotic factor release, 488, 489

P-glycoprotein

antimitotic drug resistance role, 340–342
taxol resistance mediation, 330

Phomopsin A
biological assays, 245, 246
origins, 244, 245
structure, 12, 246
vinca alkaloid inhibition, 10, 12, 13

Phosphorylation
tau

cell sorting effects, 539
kinases, 537, 538
microtubule assembly effects, 538
phosphatases, 538
sites, 537

tubulin, 112, 113
Photodynamic therapy (PDT), microtubule

inhibitors, 298–300
Pironetin

covalent microtubule inhibition, 295, 296
structure, 2959

+TIP proteins, 92, 93
Polyglutamylation, tubulin, 109, 110, 185
Polyglycylation, tubulin, 110, 111, 114, 185
Prostate cancer, docetaxel therapy, 413, 414
Proteomics, tubulin

drug-sensitive and resistant cell line 
studies, 205–207

isotype analysis
combined mass spectrometry and 

isoelectric focusing, 202–204
electrospray ionization mass 

spectrometry, 204, 205
isotypes, 195
mass spectrometry

ionization techniques, 198, 199
MALDI-TOF MS analysis of C-terminal

peptides from total cell extracts,
200, 201

modes and performance, 197
posttranslational modifications, 194, 196,

197
quantitative analysis

absolute isotype levels in biopsies, 208
relative expression in human cell lines,

207
tubulin isolation from human cell lines,

199
PTP, see Permeability transition pore

Q

QSAR, see Quantitative structure–activity
relationships
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Quantitative structure–activity relationships
(QSAR), colchicine, 266, 267

R

Raf-1, microtubule drugs and apoptosis 
modulation, 500

Reactive oxygen species (ROS)
apoptosis modulation, 491
microtubule drugs and apoptosis, 500
tubulin-βIII oxidative stress sensitivity and

association, 137–139
Resistance, see Drug resistance
RH-4032

covalent microtubule inhibition, 298
structure, 298

Rhizoxin
clinical trials, 458, 459
mechanism of action, 7, 10
structure, 9, 458
tumor specificity, 466

ROS, see Reactive oxygen species

S

S6 kinase, microtubule drugs and apoptosis
modulation, 501, 502

Sarcodictyin A, structure, 309
Sarcodictyin B, structure, 309
Sarcoma, BMS-247550 trials, 429
Spongistatin 1

structure, 11
vinca alkaloid inhibition, 10

Stable tubulin only protein (STOP), function,
92

Stathmin
microtubule destabilization, 94, 95
p53 regulation, 96
tissue distribution, 94

Steganacin
mechanism of action, 7
structure, 6

STOP, see Stable tubulin only protein
Survivin

function, 94
microtubule drugs and apoptosis modula-

tion, 496
Symplostatin 3

cell studies, 234
clinical trials, 235–237
origins, 231
structure, 233
tubulin interactions, 231, 233, 234
tumor model studies, 234, 235

T

T113242
covalent microtubule inhibition, 285–287
structure, 287

T138067
covalent microtubule inhibition, 285–287
structure, 287

T138067
mechanism of action, 4
structure, 5

T900607
clinical trials, 460–462
mechanism of action, 460
structure, 460

Tasidotin, see ILX651
Tau

functional overview, 88, 559, 560
gene structure and expression, 87, 88, 532,

533
isoforms, 534, 535
microtubule dynamics modulation, 61,

564–566
posttranslational modification

glycosylation, 537
phosphorylation

cell sorting effects, 539
kinases, 537, 538
microtubule assembly effects, 538, 566
phosphatases, 538
sites, 537

splice variants, 532, 534
structure

microtubule assembly domain, 536, 537
overview, 560–562
projection domain, 535, 536
tubulin-binding sites, 563, 564

tauopathies
class 0, 539
class I, 539, 541
class II, 541, 542
class III, 542
class IV, 542–544
familial versus sporadic tauopathies,

547, 548
loss-of-microtubule function models

versus filament formation models
of neurodegeneration, 570

mutations
FTDP-17, 544, 545, 568, 569
missense mutations and aggregation,

546
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missense mutations and microtubule
stabilization, 546, 547

splicing effects, 545
overview, 88, 89, 566–568
prospects for study, 548
transgenic animal studies, 569, 570

tissue distribution, 87
Taxanes, see Docetaxel; Paclitaxel
Taxoid site, tubulin, 2, 221–223, 358
Taxol, see Paclitaxel
Taxotere, see Docetaxel
Thermodynamic analysis, drug–tubulin inter-

actions
overview, 30
predictive vale of binding data

microtubule stabilizers, 37, 38
mutations affecting microtubule 

stability, 39
parameters, 34–37

TI38067
clinical trials, 461, 462
mechanism of action, 459, 460
structure, 460

TOG, function, 93
TPPS

covalent microtubule inhibition, 299, 300
structures, 299

Treadmilling
definition, 51
origins, 52–54
rate, 52
stabilizing cap, 54–56

Triethyllead, covalent microtubule inhibition,
293

Tubulin
bacterial homologs, 183, 184
drug resistance and mutation analysis

colchicine site mutations, 378, 380, 381
epothilones

structural analysis, 370–373
types of mutations, 364, 365, 370

hemiasterlin, 385–389
overview, 343–347, 350, 351
prospects for study, 389, 390
synthesis alterations, 347–349
taxanes

structural analysis, 366–370
types of mutations, 361–363, 366

vinca domain mutations
structural analysis, 382–385
types, 381, 382

isotypes
adaptive responses, 148
α-isotypes, 144, 145
βI, 134, 135
βII, 135, 136
βIII

model for function, 140
oxidative stress sensitivity and 

association, 137–139
regulation, 139, 140
unusual characteristics, 136, 137

βIV, 140–142
βV, 142
βVI, 142–144
βVII, 144
Drosophila function, 133
drug resistance and altered expression,

148–150
evolutionary analysis

α-isotypes, 156, 157
β-isotypes, 155, 156
fish, 157, 158

functional overlap, 147, 148
non-microtubule functions, 145–147
phylogenetic distribution

animals, 124–126
plants and fungi, 124, 126–128
protists, 128, 129

proteomics analysis
absolute levels in biopsies, 208
combined mass spectrometry and

isoelectric focusing, 202–204
electrospray ionization mass spec-

trometry, 204, 205
purification and characterization

antitumor drug effects, 151
GTPase activity, 150, 151
ligand binding, 151–153
structural studies, 151–153

structure–function correlations, 154
tissue and subcellular distribution,

129–133
polymerization, see Microtubule assembly
posttranslational modification

acetylation, 108, 109, 114
ADP ribosylation, 112
deglutamylation, 108, 114
evolutionary analysis, 113, 114
palmitoylation, 112
phosphorylation, 112, 113
polyglutamylation, 109, 110
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polyglycylation, 110, 111, 114
tyrosinolation, 106, 107, 113

proteomics, see Proteomics, tubulin
structure

conformational changes, 223, 224
dimer and protofilament, 215–218
tubulin fold, 212–215

superfamily
evolution, 182–187
members, 177–179

δ-tubulin, 180, 181
ε-tubulin, 181
γ-tubulin, 179, 180
η-tubulin, 181
ι-tubulin, 182
κ-tubulin, 182
θ-tubulin, 182
ζ-tubulin, 181, 182

Tubulysin A
origins and activity, 249
structure, 12, 248
vinca alkaloid inhibition, 10, 12

Tubulysin D
origins and activity, 249
structure, 12, 248
vinca alkaloid inhibition, 10, 12

Tyrosinolation, tubulin, 106, 107, 113
TZT-1027, see Auristatin PE

U

Ustiloxins
biological assays, 245, 246
origins, 244, 245
structures, 246
ustoloxin A

structure, 12
vinca alkaloid inhibition, 10, 12

V

Vascular disrupting agents, see Angiogenesis
Vinblastine

antiangiogenic activity, 522
indications, 359
mechanism of action, 7, 10
microtubule dynamics modulation, 57–59
mitotic spindle dynamics effects, 73
resistance mechanisms, 22
structure, 9

Vinca domain
mutations in drug resistance

structural analysis, 382–385
types, 381, 382

tubulin, 4, 7, 10, 12–14, 33, 34, 248
Vincristine

antiangiogenic activity, 523
indications, 359
mechanism of action, 7, 10
structure, 9
tubulin mutations in resistance, 366

Vitilevuamide
origins and activity, 249, 250
structure, 12, 249
vinca alkaloid inhibition, 10, 12

Z

ZD6126
clinical trials, 446, 449
mechanism of action, 445
structure, 444
vascular disrupting activity, 522, 524
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