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ment and application of new technologies to enhance our insights into the mode of
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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, Mp, PhD
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That Interact with Tubulin and Their
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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 af-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 sulthydryl
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 (/,2), but also to the possibility that additional agents
might overcome resistance to antimitotic therapy, have reduced toxicity in patients,

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

and/or that antitubulin drugs used in combination might have synergistic clinical bene-
fit, as has been repeatedly observed in cell culture studies (3—/7). Moreover, drugs that
interact with tubulin are useful in the treatment of parasitic diseases of humans and ani-
mals (/8), 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 o-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 Ca?*. 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.
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Peloruside A

Laulimalide

Fig. 2. Structures of laulimalide and peloruside A.

3. COMPOUNDS THAT INHIBIT TUBULIN ASSEMBLY BY ALKYLATING
B-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 B-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 B-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 ICy, 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 B-tubulin. The
ICy,s 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 B-tubulin in cells
more rapidly. However, subsequent work has shown that this class of drugs alkylates intra-
cellular tubulin at Glu-198 of B-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



*(s)dnoi3 [AIpAyjns urnqny Je[AY[e Jey) spunodwiod JOOIWNIUE JO SINONNS *¢ “S1

V auol|spo auazuaq[opiain(jAyiaoio|ys-z)-¢l-1AIng-1493-1
H H
_0\/\2/0\2
I
HO 0
¢HOO
auazuaqopiweuojjnsjAusaydoionjyejuad-p-Axoyaw- L-oronj-g ajeueloolyy |Azuaqoioyaip--g
E |
—n_g_2¢
4 4 N=0—S—°HD 1D
1D
| |

¢HO0 NH



(901 ‘SO ) s101eIOqR[[09 STy pue Issoxg Aq pasodoid uonems3uod

(SZ ‘SP) oY) SMOUS QUIOIYO[0O JO WEISEIP AU, "9)S QUIOIYO[0d dy) ur purq eyl sjonpoid [einjeu jo sammonng ‘p Siq

€ HD0=%Y €HD0='y :(paweuun)
H=CY ‘HO='¥ :uIp1ainejua

SauoAe|{
€
HOO
2y
o 2%
HO
¢HOO O%HD
O HO
uioeuebalg
¢HD0 0%HD

¢HD0 O%HD

\ uioein)
€HO0
|o1pel}sakxoylaN-2 -y uljejselaiquiod
OH €400
HO
O%HD
OfHO
OfHD
HO ~ O%HD
uixojojiAydopod auIdIYys|od
€HO0 €H20

HO



Chapter 1 / Overview of Compounds That Interact with Tubulin and Their Effects 7

of colchicine site drugs. It is the most cytotoxic of the sulthydryl reactive drugs, with
an ICy; 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 B-tubulin
close to the interface between the o~ and B-subunits (47), and colchicine analogs with
chloroacetyl groups attached to the A ring alkylate both Cys-239 and Cys-354 of
[B-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 (57), 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 (6/), 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 ICs in the low nanomolar to midmi-
cromolar range.

Besides binding to unassembled af-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
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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 A, (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. IC,s 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 af-tubulin dimers in the polymer
(78,79). The vinblastine site has recently been shown to be formed not by a single o/f3-
tubulin heterodimer but by the o-subunit of one heterodimer and the
[-subunit of a second dimer (80), consistent with the isodesmic tubulin assembly reac-
tion induced by the drug (8/) 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 ICs
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 ICs obtained with the phomopsins
and ustiloxins; low picomolar ICy;s 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).
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Halichondrin B

OCHs
Spongistatin 1

NSC 707389

Fig. 7. Structures of macrocyclic polyethers that inhibit the binding of vinblastine to tubulin.
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cristine to tubulin. The configurations of the chiral centers for tubulysins A and D are as proposed by
Hofle et al. (97) for tubulysin D.

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 (9/), and cryptophycin 1 (93).
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Dolastatin 15

H,N

NH

Celogentin C

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).

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
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radiolabeled dolastatin 15 demonstrated that the compound bound weakly to tubulin,
with an apparent dissociation equilibrium constant of about 30 uM. 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 B-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.
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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).

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 (/-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. 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),]. 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),] can add directly to the ends or can grow from the ends, also in a cooperative
manner. The T,L. 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.

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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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 (/5): “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 af3-tubulin heterodimers organized head-to-tail
(o) 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 (/7) that were later docked into a
20 A reconstruction of the microtubule lattice (18). Refined structures have been
described (/9-22). Assembly requires an unfavorable in vitro nucleation step (off
v-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 o-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 o-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 0} ;0B linkage (I*! indicates + end of the microtubule)
where the buried GTP can be cleaved but the exposed B is a site for subunit addi-
tion. At the — end subunit addition involves formation of a Qo 0By linkage
(!indicates — end of the microtubule) where the newly buried GTP can be cleaved and
an exposed o-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 3, 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 of;;p added at the — end
undergoes hydrolysis, albeit at some rate, while the o, 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.
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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*? 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 (/7,18; see also Fig. 3). The
orientation of the dimer interface is sensitive to the nucleotide content preferring a
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Fig. 3. A ribbon diagram representation of ISAQ.pdb, the structure of stathmin—colchicines-tubulin
(48), was rendered with VMD. Two tubulin o3-dimers are seen to interact with a long helix of the
stathmin-like domain of RB3, plotted ot1310232 going left to right. GTP on the o-chains is shown
in orange, GDP on the B-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.

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*? concentration). This is because every
polymer form appears to use the same af3-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*?-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 (AS ~ 0)
relative to microtubules and spirals (AS >> 0) (43). Removing the carboxyl tail by
subtilisin digestion enhances formation of all polymer forms while also promoting
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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 -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 (3/) 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 K, and binding to microtubule ends with affinity K;; 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 (5/). 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
=k, Xn X [T],, /(1 +K_ x[L]); where n is the number of sites of subunit addition, typ-
icalgly 13, T is the concentration of tubulin heterodimers, k, is the rate of growth, and K,
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 K, for binding to tubulin het-
erodimers is not linked thermodynamically to K; 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*? 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),
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 [oBVaB], 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 (/6; 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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Simulation of ligand-linked association
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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. K, corresponds to drug bind-
ing to the heterodimer, K, corresponds to association of the liganded complex TL to a spiral polymer
(35). Panel A represents a family of assembly curves (K, =1 X 103, K, =1x 107), as a function of
tubulin concentration (1, 10, and 50 uM). 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 uM) is also presented. Panel B
presents a family of curves at a fixed tubulin concentration (10 uM), a fixed K, (1 x 10°) and varying
K, (1 x 107, 1 x 108, and 1 x 10°). 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.

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.
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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, C_, the tubulin concentration below which nucleation of micro-
tubule assembly will not occur as a function of drug concentration. C, corresponds to
the propagation constant for polymer growth, C, = 1/K , which determines the over-
all free energy for ligand linked polymerization, AG = —-RT Ln K o Numerous thermo-
dynamic studies (43,62—65) have investigated the role of GTP hydrolysis, pH, Mg*?,
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 (AS > 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.

AG AG, + AG + AGMg + AGPH + AG

(drug—tubulin) = binding GXP polymer

+ AG + AG,, .+ AG

lattice MAP coupling

The AG contributions for GXP, Mg*?, and pH correspond to the discussion above for
solution variables. The AG for binding and polymer formation reflect the linkage
between the drug binding site and the drug-induced formation of polymer. The AG 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 AG,,,p term reflects the contributions from other proteins or factors that regulate
polymer stability and dynamics. Finally, the AG | ling 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 Aqupﬁng term. Structural data
(22,48,49) suggest a major contributor to this AG term are rearrangements at the

N i K coupling
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 IC,, 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 o-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 K, 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 (AG plin, g) 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
(B-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 (5/). Andreu and collaborators conclude that
binding to microtubule ends (X)) is not thermodynamically linked to binding to free het-
erodimers (K,). 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 IC,, 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 K,
and this drug—tubulin complex associates with another heterodimer or spiral polymer
with affinity K,. The data indicate that K, is weak, whereas the magnitude of K,
strongly depends upon the drug moiety. Based upon the new structure of vinblastine
bound to a RB3-tubulin—colchicine complex (49), the magnitude of K, reflects inter-
actions between a buried, and presumably nonexchangeable, vinblastine, and both
o~ and B-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 uM; see Fig. 4A). The values of K, (1 x 10%/M) and K, (1 x 10"/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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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 AG = -RT Ln KK, in a Pipes, Mg, EGTA, 50 uM 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 AG, oupling OF the strain induced by
placing GTP at the E-site of a drug-induced curved spiral or ring polymer.

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 (K,) to the weaker drug binding step (K,). 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 K, 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 AG for the overall reac-
tion KK, 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 K, the polymerization step, whereas K, drug binding
to tubulin, is nearly constant (~1 x 10°/M) (35). This variation in K, 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. 6. Log IC,, vs log K for two classes of antimitotic drugs. For the vinca alkaloids the data are
from AUC measurements of spiral formation (37) where K, corresponds to the addition of a
drug—tubulin-GDP complex to a growing spiral polymer. (The slope of the line is —0.678 with 7% =
0.50 and p = 0.016; for GTP-tubulin the slope = —0.704, r> = 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 72 = 0.412 and p = 0.003). To view this
figure in color, see the insert and the companion CD-ROM.

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 IC,, values in a leukemia cell
line (81). The data are presented in Fig. 6 as a log IC, vs Log K, plot. As presented
the data strongly suggest that spiraling potential inversely correlates with ICy, 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 K, 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 (T,L; 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 K, (107, 108,
10°/M) or spiraling potential (Fig. 4B). (As noted earlier, as the vinca alkaloid-binding
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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 K, 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 K, would provide sufficient
energy to make typical IC, values easily achievable by this mechanism (see the ICy,
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 T,L 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 K, and inhibiting microtubule assembly K; 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 ICy, 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 (87,89). 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
[B-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 (/00,101) 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 (/03). 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
(AG_, plin ) may apply, but this prediction has not been tested by cryo-EM methods
because tfle 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/uM), 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] x K, / [GDP-sites] X K.

walls

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 (1/06,107). 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; r*> = 0.62) and an even better
predictor of IC,, (r* = 0.76 for a limited data set; see Fig. 6). As with the vinca alkaloid
correlation data described above, tight binding affinity predicts low IC,, whereas weak
binding affinity predicts a high IC,,. 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 IC,, 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 ICy, 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 o~ or
[B-tubulin (4), and they can affect lateral or longitudinal contacts (/00). 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 (/73). 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 o~ and B-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 B-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 (/16).
It can reflect subunit exchange induced by taxol or taxotere binding, which causes a
change in protofilament number (/77). Or it reflects normal transitions between differ-
ent protofilament numbers observed in typical microtubule distributions (7178,119).
Katanin hexameric oligomers target these lattice defects (or protofilament transition
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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 B-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 o~ and B-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.

sites) and facilitate subunit loss and microtubule severing (/20). Microtubules exhibit a
very low frequency of spontaneous severing or tubulin dissociation from the walls (k ;=
108 s71; 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 (/23) 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 (/24) 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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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 (/). 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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Fig. 1. Polymerization of microtubules. Heterodimers of o~ and B-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. 6/. Reprinted by permission of Chemistry
and Biology. To view this figure in color, see the insert and the companion CD-ROM.

o-tubulin heterodimers, as shown in Fig. 1 (reviewed in ref. 2). Tubulin dimers (Table 1),
which are 46 x 80 x 65 A 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 B-tubulin exposed to the solvent, and a-tubulin faces the
solvent at the opposite or minus end (3,6).

The orientation of the of3-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



Chapter 3 / Microtubule Dynamics 49

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 (P,) 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 (/0—/2). Dynamic instability in vitro
can be analyzed by computer-enhanced video microscopy using differential interference
contrast microscopy or dark field microscopy (/0-13), 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 (/0—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) (/4—16).

Dynamic instability is characterized by a number of well-defined and quantifiable
parameters (/0—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 pm). 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 (/4).

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 o- and B-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 (C,) At tubulin dimer concentrations above the C, the dimers
polymerize into microtubules, whereas at concentrations
below the C,, 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 (/9,20) and that shortening
appears to occur by the loss of large segments of peeling protofilaments (27,22). 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 (/7,20). 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 B-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 (/8). 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 (Lm/min)

Growing 1+0.1 0.46 £0.07

Shortening 142+12 13.2+4.7
Length change (um/event)

Growing 23102 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 (Wm/min) 23 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 [*H]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 [’H]JGDP. Direct proof that the tubulin was
fluxing through the polymer included experiments using a pulse of [’H]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 um/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 (/4,27,28). 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 pm/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
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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 tm/min) to
levels similar to those observed in cells (0.5-5 wm/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. (/1) 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 B-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 (2/,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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Fig. 3. Dynamic instability and the GTP cap. Tubulin-bound GTP is hydrolyzed to tubulin-GDP and
inorganic phosphate (P,) at the time that tubulin adds to the microtubule ends, or shortly thereafter.
Ultimately, the P; dissociates from the microtubule, leaving a microtubule core consisting of tubulin
with stoichiometrically-bound GDP. A microtubule end containing tubulin-bound GTP or GDP-P; is
stable or “capped,” against depolymerization. Hydrolysis of tubulin-bound GTP and the subsequent
release of P, 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.

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-P; (tubulin with both GDP and P; bound in the E-site) (Fig. 3) (41,42,46,48). For
example, Vandecandelaere et al. (46) monitored microtubule assembly and P, release
simultaneously using a fluorescence assay for P, 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. (4/) 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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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-P,, 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-P,) is complicated by any hydrolysis of GTP or disso-
ciation of P, 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-P, 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-P,.

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 [y*?P]GTP and centrifuged through stabilizing
sucrose-cushions containing nonradioactive orthophosphate (P,), in turn, contain small
amounts of GDP-*P 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-P, in a
highly stable nonexchangeable form at each microtubule end. Strong evidence indicates
that the stably bound P, is at the extreme microtubule end. For example, the number of
stably bound GDP-P, molecules per microtubule remains constant regardless of the
microtubule length between mean lengths of 2.5 um and 11 um (57). The limitation of
such an approach to measure the size and chemical nature of the cap directly is that the
[3**’P]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-P,. But because the GDP-P, is stably bound and nonexchange-
able, it can be concluded that the 26 molecules of tubulin-GDP-P, 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 B-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 (K,~ 2 X 10*/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 uM) (70). Scatchard analysis with radiolabeled vin-
blastine reveals that there are about 16-17 high-affinity binding sites (k,, 1-2 uM) at the
ends of an individual microtubule. Interestingly, at high concentrations, vinblastine also
binds stoichiometrically with markedly reduced affinity (k;, 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.
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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 uM 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 pM 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-P, 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 B-tubulin subunit, boxed in by strands S8 and S9, loop T7, and
helices H7 and H8 of B-tubulin. Colchicine also interacts with loop T5 of the o-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 (87). 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 (75,16). 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 B-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 (/05,7106), and they extend
outward toward the cell periphery (Fig. 5). The centrosome contains large complexes
called y-tubulin ring complexes (y-TuRCs), consisting of nine or more proteins and
including a species of tubulin called y-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 (/07), 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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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.

different dynamic properties coexisted in the same cell (/08—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 (//2—117) on the dynamics
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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 (/18,119). 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 (179). 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 wum/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-
a-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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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 um
in both panels. Courtesy of C. Waterman-Storer (102). To view this figure in color, see the insert and
the companion CD-ROM.

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 (/22)
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
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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).

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, p150G1ued:
and end binding proteinl (EB1), an APC-interacting protein (/23—126). Minus-end bind-
ing proteins include the y-TuRCs (106), stathmin (/27), 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 (/31).

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 y-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
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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 (/2). 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 Racl activation, which mediates actin poly-
merization and lamellipodial protrusion (/02). 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 (/33).

2.5.1. Mi1Ttosis

Mitosis is another striking example of tight intracellular regional and temporal con-
trol of microtubule dynamics (/01). 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-cdc?2 kinase at the onset
of mitosis, leading to a reduced association of MAP4 with microtubules (/34,135), 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 (/00). Such microtubules must be able to grow for long dis-
tances (typically 5-10 wm), 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 (/03).
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. 10/. 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.



Chapter 3 / Microtubule Dynamics 71

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 (/49). 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. /50). 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 (1517), 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 (/52,753). 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 (/55), maytansine, rhizoxin, spongistatins, podophyllotoxin, ste-
ganacins, phenylahistins, and curacins (/54); herbicides that inhibit microtubule poly-
merization (156); antifungal and antihelmintic agents (/57); 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 (/63). 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 (//4). 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
IC,,s 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
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microtubules involves both structural and regulatory coordination of MAPs and associ-
ated proteins. Microtubules are polymers that consist of o3-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 o- and B-tubulin
isotypes have been described in mammalian cells and they display both developmental
and tissue-specific expression (/). 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 B-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 (/2,13) 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.

MAP4 o-tubulin Merged

Fig. 2. MAP binding to microtubules. Human neuroblastoma, SHEP, cells costained with antibodies
against MAP4 and o-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) c-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 (/6) while microtubules in neurites run in parallel struc-
tures (/7). The major structural MAPs in neurons are MAP2 and tau (/2), 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
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Structural MAPs bind to Phosphorylation of MAPs
and stabilize MTs causes them to dissociate

from the MT wall leading
to reduced MT stability

B-tl.lbuﬁl’l ' MAP
o-tubulin

Phosphorylated MAP
MT microtubule Gl

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.

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. MAPI

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
MAPIB 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-LCl1, 34 kDa (23,24). MAP1
proteins are thought to play a role in regulating the neuronal cytoskeleton. MAPIA is
abundant in the adult brain, whereas MAP1B is a neuritogenesis-associated MAP (25).
MAPIA binds to microtubules through a novel acidic binding motif (26), whereas
MAPIB 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 MAPI1B (28).
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MAPIB 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
MAPIB 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 o-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, MAPI1B 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 MAP1TA. 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 (3/-33). The distribution and func-
tion of MAP1B can be modified by phosphorylation. Studies on neuronal growth cones
have revealed that MAPIB 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 - and B-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 mRINA 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 (/8,49). 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 (57). 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 MAPI1B
null animals demonstrated that loss of both axonal MAPs is lethal by 4 wk of age (53).
It appears that both fau 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

MAP?2 is a neuronal-specific high molecular weight protein (M, ~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 (6/) 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/VCRIO that display increased levels of polymerized tubulin, were investigated for
changes in MAP expression (7/). 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/VCRIO0 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 (/6,80).

Overexpression of either full-length MAP4 or the microtubule-binding domain of
MAP4 has been shown to stabilize microtubules in stably transfected mouse L% 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 (2/,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 (217). 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 B-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. ENp-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 p150¢/“¢¢ (also known as dynactin 1), a component
of the dynactin complex. EB1 colocalizes with microtubules, preferentially at their plus
ends, throughout the cell cycle (/00). 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 (/00). 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 p150g/«ed
(103). Interestingly, the APC or p150¢“¢? 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 (/04—109).
Apart from the interaction of EBI with microtubule tips, both EB1 and APC localize
to centrosomes and are functional components of this system (//0). 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 (/171).

In recent years the number of identified +TIPs and their proposed mechanisms of
action have been increasing (reviewed in ref. //2). 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 (//3). 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 p1508%¢¢ subunit of dynactin
(a complex that regulates cytoplasmic dynein, a motor protein), certain tubulin folding
factors and a member of the kinesin motor superfamily (/7).

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 (//8). 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.

CLASP?2 appears to be involved in orientating stabilized microtubules toward the cells
leading edge (/18). 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 (/7/9). 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 (/20). 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 (/21). 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 (/27). 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 (/22,123). Wild-type p53 negatively regulates survivin expression at the
gene and protein levels, by repressing the survivin promoter (/24). 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 (/25,126) and as a protein that underwent phosphorylation in response to
extracellular stimuli (/27). 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 (/317,132) (Fig. 4). Stathmin interacts directly
with microtubules (/29), through a complex of one stathmin molecule to two tubulin
heterodimers (/33,134). Stathmin binds to the region around helix 10 of o-tubulin
dimer, a region involved in longitudinal interactions in the microtubule, sequestering the
dimer and linking two o/B-tubulin heterodimers (/35). Insight into the interaction of
stathmin with tubulin has been gained with the aid of a 3.5 A model of tubulin in com-
plex with colchicine and with the stathmin-like domain of RB3 (7/36,737). 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 (738,139).
The sequential cell cycle-dependent phosphorylation on four serine residues, Serl6, 25,
38, and 63 abolishes the microtubule-destabilizing activity of stathmin, with phosphory-
lation of Ser63 contributing substantially to the inactivation (reviewed in ref. /40). 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 (/29).

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 (/43) 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 a-helical structure. Adapted from ref. /68. 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 (/47), and breast cancer (/48) 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 (/49). A somatic mutation in stathmin was recently identified in an
esophageal adenocarcinoma (/50). 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 (/50). 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 (/51).
In paclitaxel-resistant A549 lung cancer cells with an ¢-tubulin mutation (/52) and
increased microtubule dynamic instability (/53), the active nonphosphorylated form
of stathmin was increased about twofold, whereas the inactive phosphorylated forms
were barely detected (/52). 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 (/47).
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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 A 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.

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 (/56). 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 (/57). 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 (1/517). 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 G, to mitosis was thought to be responsible for diminishing the cyto-
toxic effects of vinblastine (151).
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3.2.2. KATANINS

Other microtubule-destabilizing proteins include Xenopus Kinesin Catastrophe
Modulator 1 (XKCM1), Xenopus Kinesin Superfamily protein (XKIF)2 and katanin,
XKCMI1 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 (/59) 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. (/6/). 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, XKCM]1 does not seem to possess tubulin-seques-
tering activity (reviewed in ref. /64).

3.2.3. Mitotic CENTROMERE-ASSOCIATED KINESIN

In the mitotic spindle, kinetochore microtubules facilitate the separation and segre-
gation of chromosomes (/23). 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 (/23,165).
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 (/67). 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 (/67). 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 B-tubulin and acetylation of a lysine residue in o-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 o and the addition of several glutamate or
glycine residues to the y-carboxyl group of glutamate residues in the C-terminal
regions of both o and . 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.
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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 (/-5). Here, the authors shall
concentrate on the more recent findings.

2. TYROSINOLATION/DETYROSINOLATION ()

The genes for most of the vertebrate o-tubulin isotypes encode a tyrosine at the
C-terminus, preceded by a glutamate (see Table 7 in Chapter 6). One exception is 04,
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 a4 isotype (7). The ligase has been purified and charac-
terized (8,9). Purification of tubulin carboxypeptidase is still incomplete (/0-12). The
favored substrate of the ligase is the free tubulin dimer, whereas the carboxypeptidase
prefers the microtubule (73, 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 (/5). 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 (/8-22). 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 (/9,20,29,30)
(Table 1). In corn, tyrosinolation/detyrosinolation is highly tissue-specific. For example,
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Table 1
Phylogenetic Distribution of Tubulin Post-Translational Modifications®
Tubulin Modification Animals Plants Fungi Protists
o 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
B Phosphorylation Yes No No No
Polyglutamylation Yes No No Yes
Polyglycylation Yes No No Yes

“Source: Refs. 6,19,20,29-31,47-60,75-79,102—-104,114,121,122,135,137.

the 06 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 o-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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3. DEGLUTAMYLATION (o)

This is a modification that probably happens to Glu-tubulin: the C-terminal glutamate is
removed (41). The resulting o-tubulin, lacking both the C-terminal tyrosine and the penul-
timate glutamate, is referred to as A2-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, A2-tubulin is unable to
participate in the tyrosinolation/detyrosinolation cycle. A2-tubulin represents about 35% of
mammalian brain o-tubulin; it is also found in sea urchin sperm flagella and cilia (42). The
levels of Glu-tubulin and A2-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 A2-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 A2-tubulin. There is some evidence that cold-resistant
microtubules in the gerbil cochlea consist of A2-tubulin that is acetylated and polyglycy-
lated (45). This is consistent with the finding that Tyr-tubulin from bovine brain had 14
glutamates added, whereas A2-tubulin had 1-3 glycines added instead (46). In other words,
there is some coordination among the post-translational modifications of tubulin.

4. ACETYLATION (o)

o-Tubulin undergoes acetylation at the e-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 (/8). An a-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). HDACS is able to deacetylate tubulin in vivo
(67). Overexpression of HDAC6 increased tubulin deacetylation and induced chemotactic
cell movement, indicating that acetylation of o-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. (7/) 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
o-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 (o)

This is an unusual modification in which a glutamate is added to the y-carboxyl group
of specific glutamate residues in the C-terminal region of tubulin through an isopeptide
(oY) linkage. To this added glutamate are then added several others through o/o linkages,
resulting in as many as 17 glutamates in a single chain (/9). 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 o and B are polyglutamylated; in neu-
ronal tubulin, mainly o is thus modified (76,82,83). Nevertheless, during neuronal dif-
ferentiation, B 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 o is
only slightly glutamylated and [ 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 (/9,83). 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 o 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 o/y linkage. After that, a second
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enzyme, a tubulin polyglutamylase, adds a series of glutamates to the first one through
o/a 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
o~ and B-tubulins from brain (89). In this respect, the Crithidia enzyme is different from
the putative mammalian brain equivalent, which preferentially glutamylates o. 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
A2-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 (o.,B)

In addition to polyglutamylation, both o~ and B-tubulin also undergo polyglycylation
by the addition of multiple glycine residues to the y-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 o/y linkage. The remain-
ing glycines are added to the first one by o/o. 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 B-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 [-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 3 isoform has two glycines added
to glu437, two to glu438, one to glu439, and one to glud41.

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 o and P are polyglycylated (61). Polyglycylation is particularly common in
microtubules forming stable organelles, such as axonemes and basal bodies (/05).
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 o and P 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 o/y linkage.
Such monoglycylated tubulin has been seen in newly formed cilia and basal bodies (/05).
The next step would then be the addition of more glycines through o/o 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 B-tubulin are replaced by other amino acids, the result is highly
deleterious (/07). 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 o had no effect (/08). These results imply that
polyglycylation of [ is essential for the proper architecture of the axoneme. As polygly-
cylation occurs in the signal sequence of B, one could argue that the role of this particular
sequence in isotypes such as mammalian BIVb 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 (/09). 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 (//0).

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 A2-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 A2-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 o-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 (//1). These
are nonmotile cilia lacking the central pair microtubules (//2). In at least one case, the
ependymal cilia, known to contain the BIV isotype, which contains the axonemal signal
sequence, is the prime site for polyglycylation (113).
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7. PHOSPHORYLATION (o.,p3)

Phosphorylation of mammalian brain B-tubulin was the first post-translational mod-
ification of tubulin to be discovered (/14). Later work showed that phosphorylation of
mammalian B-tubulin was restricted to the BIII isotype; the phosphorylated residue is
a serine near the C-terminal end (115-117). BIII is phosphorylated in brain but not in
the testis (118). Avian BVI is also phosphorylated near the C-terminal end at ser441
(119). Both o and B are phosphorylated in sea urchin sperm in both the A- and B-
tubules of the outer doublets (/20). Only o is phosphorylated in Chlamydomonas
axonemes, however, both serine and threonine are phosphorylated (/217). Carrot tubu-
lin is also phosphorylated (/22). Tyrosine phosphorylation occurs in ¢-tubulin in acti-
vated human B-lymphocytes (/23). Both o and [ 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 a-tubulin (/23). In
the brain, serine phosphorylation of BIII 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 Ludueiia (/30)
removed some of the phosphate on BIII 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 (/31).
Phosphorylation of BIII accompanies maturation and differentiation of neurons
(132—-134). As speculated in Chapter 6, phosphorylation of BIII 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 (o)

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 o-tubulin (/36). 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 (/37). Thus, it is possible that palmitoylation may play a role in proper
orientation of the mitotic spindle.

9. OTHER MODIFICATIONS

Terashima et al. (/38) 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 (/39). Another is the formation of lysinoalanine crosslinks between
tubulin molecules (7/40). 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 B-isotypes
(BII and BVI), which have a serine in this region. It is known that certain tyrosines are
phosphorylated in mammalian tubulin, that both o~ and B-tubulin are phosphorylated in
sea urchin flagella and that o 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 PB-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 o- and PB-tubulins were phosphorylated. Palmitoylation of o-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 o-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 o-tubulins. All of the
vertebrate o’s, except for a8 and oTT1, 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 o and B instead of just o) 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 o-tubulins to end in either EY or E. Although this
modification has so far only been observed in animals, so many ¢-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 a 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 ¢-tubulins in axonemes
and centrioles, suggesting that it may have been a feature of the earliest microtubule
organelles. In striking contrast to other o-tubulins, mammalian and avian o8 lacks lys40
and also cannot undergo deglutamylation nor participate in the tyrosinolation/detyrosi-
nolation cycle (/41). This strongly suggests that the 0.8 isotype has a unique functional
significance. It is interesting that, besides o-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) (/42,143). Many ribosomal proteins (that, like nuclear proteins, interact
with nucleic acids) are also acetylated (/44). Acetylation of lysines has also been seen
in a DNA-binding archaeal protein (/45). 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 o
and [, 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
B-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 (79,20,30,59,75-79).
It occurs in animals, plants, and protists and in both o- and B-tubulins. It is associated
with centrioles, basal bodies, and axonemes. If polyglutamylation occurs in 7y or €
(although the lack of glutamates in their C-terminal regions argues against this), then
polyglutamylation may have appeared before the evolution of o~ and B-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 (/46). 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. (/47) have prepared nonmodified and viable recombinant mouse tubulin in
Escherichia coli. The tubulin dimers consisted of a2 and BIVa. This major advance should
allow some of these issues to be explored. However, the right questions need to be asked.
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