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Abstract Recent high-resolution analysis of tubulin's
structure has led to the prediction that the taxol binding
site and atubulin acetylation site are on the interior of mi-
crotubules, suggesting that diffusion inside microtubules
is potentially a biologically and clinically important pro-
cess. To assess the rates of transport inside microtubules,
predictions of diffusion time scales and concentration pro-
files were made using a model for diffusion with parame-
ters estimated from experiments reported in the literature.
Three specific cases were considered: 1) diffusion of aS3-
tubulin dimer, 2) diffusion/binding of taxol, and 3) diffu-
sion/binding of an antibody specific for an epitope on the
microtubule’s interior surface. In the first case tubulin is
predicted to require only ~1 min to reach half the equilib-
rium concentration in the center of a 40 um microtubule
open at both ends. This relatively rapid transport occurs
because of alack of appreciable affinity between tubulin
and the microtubule inner surface and occursin spite of a
three-fold reduction in diffusivity due to hindrance. By
contrast the transport of taxol is much slower, requiring
days (at nm concentrations) to reach half the equilibrium
concentration in the center of a40 um microtubule having
both ends open. This slow transport isthe result of fast, re-
versible taxol binding to the microtubul € sinterior surface
and the large capacity for taxol (~12 mm based on interior
volume of the microtubule). An antibody directed toward
an epitope in the microtubul€e'sinterior is predicted to re-
guire years to approach equilibrium. These results are dif-
ficult to reconcile with previous experimental results
where substantial taxol and antibody binding is achieved
in minutes, suggesting that these binding sites are on the
microtubul e exterior. The slow transport rates al so suggest
that microtubules might be able to serve as vehicles for
controlled-release of drugs.
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Introduction

Recent analysis of therole of translational diffusionin mi-
crotubule dynamics has focussed on the transport of tubu-
linfrom the surrounding fluid to thegrowing microtubule’s
tip (Dogterom et al. 1995; Odde 1997). The conclusion
from these theoretical analyses was that microtubule as-
sembly doesnot occur at diffusion-limited rates, but i s pos-
sibly influenced by diffusion particularly when many mi-
crotubule tips are close together such as occurs near the
centrosome or in kinetochores. To date no analysis of mo-
lecular diffusion inside microtubules has been reported,
perhaps because there has not been any evidencethat it has
biological relevance. However, the recent determination of
tubulin structure at 3.7-angstrom resol ution led to the pre-
diction that key sites on tubulin are in the interior of mi-
crotubules, including the sites for taxol and epothilone
binding and tubulin acetylation (Nogales et al. 1998). This
suggests that biologically-relevant sites are located in the
interior of microtubules and raises the question of whether
this prediction is consistent with predicted rates of intra-
microtubul e transport. Given that the 13 protofilament mi-
crotubule inner diameter is only ~17 nm (Amos 1979)
while typical microtubule lengths are on the order of
1-100 um, it seemsthat translational diffusion inside mi-
crotubules could potentially limit the rate at which mole-
cules interact with interior sites.

To assess the role of diffusion inside microtubules, a
mathematical model was developed that accounted for
translational diffusion, wall-mediated hindrance, and fast,
reversible binding to the microtubule walls at dilute con-
centrations. Rates of transport were predicted using expe-
rimentally-based parameter sets for three specific cases:
tubulin, taxol, and an antibody specific for an interior epi-
tope. From the analysis of taxol transport and comparison
to available kinetic and thermodynamic data (Caplow et
al. 1994; Salmon and Wolniak 1984), it seemsunlikely that
the taxol binding siteis on the interior of microtubules. In
addition, comparison to previous experiments with anti-
acetylated tubulin antibodies (Schulze et al. 1987), it also



seems unlikely that the Lys40 residue on a-tubulin is lo-
cated on the interior of microtubules. More generally, the
analysisleadsto the prediction that fast, reversible binding
can reduce the transport rate by 6 orders of magnitude, so
that hindrance, while reducing effective diffusivities by a
factor of ~3 for large molecules like tubulin and antibo-
dies, is a second-order effect compared to binding.

Model
Model with diffusion only

For one-dimensional, unsteady-state diffusion, a species
mass balance leads to a governing differential equation,
also known as Fick’s second law,
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where c(x, t) isthe concentration of diffusing solute at po-
sition x and timet, and D isthe translational diffusivity of
the solute in the solvent. For a microtubule of length | in-
itially devoid of solute and then subjected to a step change
in solute concentration in the surrounding bath, c,, thein-
itial condition is

I.C. t=0,c=0 (for O<x<l)

)

and the boundary conditions, assuming one end (at x=1)
is open and the other closed (at x=0; as might occur when
embedded into a centrosome), are given by
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Then the concentration, c(x, t), is given by (Crank 1975)
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which is plotted in Fig. 1 as a function of dimensionless
position, X/, for increasing values of dimensionless time,
Dt/I. The solution given by Eq. (5) and plotted in Fig. 1
can also be applied to a microtubule with both ends open.
Inthiscasethesolutionisappliedto amicrotubul e of length
2 | where the minimum concentrationisat x=0and the ma-
ximum at x=+1 where the concentration is c,.

Model with hindered diffusion

Because the dimensions of the microtubule lumen are of
macromolecular dimensions, there is additional friction
exerted by the microtubule inner walls in opposition to
Brownian motion, a phenomenon known as hindrance.
Hindrance reduces the effective diffusivity for solutes of a
size approaching that of the pore in which they are diffu-
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Fig. 1 Concentration profiles of molecules diffusing inside micro-
tubules. The microtubule is assumed to be closed at x=0 and open
at x=1. Alternatively, for a microtubule open at both ends the mod-
el predictions can be used as well. In this case the concentration at
x=0 corresponds to the concentration in the middle of amicrotubule
having length 2 |. The curves represent the profile at various dimen-
sionless times, Dt/I 2

sing. To model hindrance in microtubules, the diffusing
molecule was approximated as a sphere in a cylindrical
pore. In this case the dependence of diffusivity on mole-
culesizeisfairly well-established and can be directly ap-
plied to diffusion inside microtubules. The well-establis-
hed result of Renkin gives the diffusivity at the centerline
of the cylinder (Renkin 1954)

DQ =1-2104 A +2.09 A% - 0.95 A

(6)
o
where A isthe molecular radius divided by the cylinder ra-
dius, D isthe diffusivity in the cylinder, D, the diffusivity
in the bulk fluid outside the cylinder.

Two problemswith thisfrequently cited relation are: 1)
it fails in the limit of A -~ 1 (Deen 1987), and 2) it over-
estimates the diffusivity in the limit of small A (Nitsche
and Balgi 1994). To overcomethe first limitation the rela-
tion devel oped by Bungay and Brenner can be used instead
(Bungay and Brenner 1973)
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To overcome the second limitation, an asymptotic relation
for small A is given by Nitsche and Balgi (1994)

Q: 9 - 20 —_)\2
D, %+8Aln}\ 15394 +1.2 A E/(1 A) (8)

Thethree relations given in Egs. (6)—(8) are plotted in
Fig. 2 over the full range of A from O to 1. To model dif-
fusioninmicrotubules, the Nitsche-Balgi relation was used
for A<0.2 (i.e. for taxol) and the Bungay-Brenner relation
used for A=0.2 (i.e. for tubulin and antibody). Based on
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Fig. 2 Effect of hindrance on diffusivity as afunction of molecular
size. For larger molecules such as tubulin and 1gG the effect of hin-
drance results in ~3-fold decrease in the diffusivity from that out-
side microtubules

electron crystallographic data, the radius of taxol was es-
timated to be 0.5 nm (Nogales et al. 1998). Tubulin was
modelled as an ellipsoid with long dimension of 8 nm and
short dimension of 4 nm, yielding an effective hydrody-
namic radiusof 2.9 nm (Berg 1993). Antibody sizewases-
timated by scaling the tubulin radius using the ratio of the
antibody molecular weight to the tubulin molecular weight
(scaling=(1.5)Y3=1.14) toyieldamol ecul ar radiusof 3.3 nm.
Additional reductions in diffusivity occur in the cell due
to higher intrinsic viscosity in the cytoplasm (D/Dy=0.78)
and macromolecular occlusion (D/Dy=0.40) (Kao et al.
1993). Together these two effects accounted for a 3.2-fold
decreasein thediffusivity from the value estimated for dif-
fusion in water.

Model with diffusion and fast, reversible binding
under dilute conditions

As molecules diffuse into the microtubule they can transi-
ently adhere to the inner surface, thereby retarding their
progress into the microtubule. This binding process can be
idealized kinetically by the reversible reaction

(9)

where Arepresentsthediffusing solute, Basiteontheinter-
ior of a microtubule, and AB a complex between the two.
The forward and reverse rate constants, k,, and ks, re-
spectively, can be used to define an association equilib-
rium constant

ko _ [AB] _ 1
ket [AI[B] Kp

where K has units of M~ and the dissociation equilibrium
constant, K, has units of M (note that c=[A]). This type
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of binding gives rise to the Langmuir isotherm which re-
lates the bound concentration of species A to the free con-
centration of species A at equilibrium by

_ nK[A]

1+ K[A] (11)
where q isthe bound concentration at equilibrium (M) and
n the maximum bound concentration (M). To solve for the
concentration profile of A in the case where binding can
occur requires simultaneous sol ution of coupled nonlinear
species mass balances on A and B with reaction terms in-
cluded from Eq. (9). To keep the present analysisrelatively
simple, an asymptotic case was investigated where a
closed-form analytical solution is obtainable, which isthe
case when A is dilute so that [A] <K . In this case the dif-
fusivity issimply rescaled by adimensionless equilibrium
constant so that the D in Eq. (5) isreplaced by an effective
diffusivity (Crank 1975)

D

Deff = 1+ K* (12)
where K* is given by
nko
K*=nK=--"2" (13)
Kot

which relates the bound and free concentrations of A when
[A] <Kp (see Eq. (11). A key assumption in this modifica-
tionto Eq. (5) isthat the binding is not only reversible, but
also faster than the diffusion transport rates.

Results
Model parameter estimates

A summary of parameter estimatesisgivenin Table 1. The
diffusivity of taxol was estimated using the Stokes-Ein-
stein relation

_ ks T
6muUR

where kg is the Boltzmann constant, T is the absolute tem-
perature (assumed 310 K), u is the viscosity of water
(6.95%10™* kg/m-s at 310 K), and R is the molecular ra-
dius. For taxol, a value of R=0.5 nm was used based on
crystallographic measurements on taxotere/tubulin com-
plexes (Nogales et a. 1998). In addition, the viscosity of
water at physiological temperature (37°C) was assumed.
Thisyielded adiffusivity D, of 6.5x107° m%swhich was
then corrected for the cytoplasm (both increased cytoplas-
mic viscosity and macromolecular occlusion) and hin-
drance inside the microtubul e, so that the final value of D
used in the calculations was 1.8x 10719 m?/s,

The diffusivity of tubulin has been measured experi-
mentally, using fluorescence recovery after phobleaching

(14)



Table1 Parameter estimates for diffusion and reaction in microtu-
bules

Taxol aB-Tubulin - Antibody
(19G)

Molecular weight (g/mol) 820 100,000 150,000
Do (M?/s)t 6.5x107° 59x107%2  4.3x107H
Temperature (°C) 37 25 20
Kp (nv)? 15 - 10
n (mm) 12 - 12
kon (M7 s7h) 2x10° - 1x10°
Kot (1) 30 - 0.001
Cytoplasm correction, D/D 0.31 1.0 (Dg 0.31

measured in

cytoplasm)
Hindrance correction, D/D§  0.87 0.36 0.29

Parameters defined in text

1. Taxol diffusivity estimated by Stokes-Einstein assuming amolec-
ular diameter of 1 nm, estimated from Nogales et al. (1998). Tubu-
lin diffusivity measured in sea urchin egg cytoplasm by Salmon et al.
(1984). Antibody (1gG) diffusivity estimated from sedimentation co-
efficient reported in Hasemann and Capra (1989)

2. Taxol binding constants and kinetic parameters from Caplow et al.
(1994). Antibody parameters are typical of a panel of monoclonal
antibodies specific for bovine serum albumin as reported by Olson
et al. (1989)

3. Estimated from Kao et al. (1993). See text for discussion

4. Predicted from Nitsche and Balgi (1994) for taxol and from Bun-
gay and Brenner (1973) for tubulin and 1gG. Molecular dimensions
discussed in text

inseaurchin cytoplasmat 25°C, tobe5.9x107*? m%/s(Sal-
mon et al. 1984). This value was not corrected for the cy-
toplasm since the measurement was made in a living cell
and correction made only for hindrance so that the final
value of D used in the calculations was 2.1x1072 m?/s,
about two orders of magnitude smaller than the value for
taxol. Salmon et al. found an 8-fold reduction in D over
that measured in water, much larger than that reported by
Kaoetal. for 2,7-bis-(2-carboxyethyl)-5-(and 6-)-carboxy-
fluorescein. This might be attributabl e to transient binding
of tubulin the cytoplasmic structures, which would appear
to retard the recovery from photobleaching (Jacobson and
Wojcieszyn 1984; Kao et al. 1993). Because such transient
binding of tubulin has not been experimentally demon-
strated, the value estimated by Salmon et al. was used for
modelling tubulin transport.

The diffusivity of 1gG has been measured in water at
20°C with avalue of 4.3x10™* m?/s reported (Hasemann
and Capra 1989). After correcting for the cytoplasm and
hindrance effects, the final value used in the calculations
was D=3.9x107*? m?/s. This gave atwo-fold larger value
for D than that estimated for tubulin, despitethelarger size
of 1gG and the dlightly lower temperature at which the
measurements were made.

The binding parameters necessary to account for rapid,
reversible binding under dilute conditions were estimated
from experimental data. For taxol, Caplow et al. measured
the associ ation rate constant, k,,,, the dissociation rate con-
stant, k., and the dissociation equilibrium constant, K
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Tubulin Concentration Profiles In Microtubules In Vivo
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Fig. 3 Tubulintransport ratesinside microtubules. Becauseit lacks
an appreciable affinity for the microtubulewall, tubulin diffusesrap-
idly so that it reaches equilibrium within minutes

(=1/K), using radiolabeled taxol and guanylyl a,B-meth-
ylenediphosphonate (GMPCPP)-stabilized microtubules
at nm concentrations of both taxol and tubulin (Caplow et
al. 1994). These values are summarized in Table 1. Quan-
titative kinetic and thermodynamic data are not available
for anti-acetylated tubulin antibody binding to acetylated
tubulin. To estimate the parameters for antibody binding,
the data of Olson et al. (1989) for a panel of anti-bovine
serum albumin immunoglobulin G’s (IgG’s) served to ap-
proximate typical values for 1gG binding to antigen. This
panel had typical values of k,,~10° M~1s™, ks ~0.001
s, and Ky~10 nm (Olson et al. 1989).

Tubulin diffusion inside microtubul es

Using the derived expression for the concentration of dif-
fusing solute as a function of time and position (Eg. (5))
and the parameter estimates in Table 1, the concentration
profile of tubulin was predicted as shown in Fig. 3. These
calculations showed that tubulin concentrations inside a
20 pum long microtubule open at one end only should ap-
proach equilibrium fairly rapidly, on a time scale of min-
utes. Thesecalculationsarealso valid for a40 pumlong mi-
crotubule open at both endswith the concentration at x/1 =0
corresponding to the middle of the microtubule as outlined
in the Model section above. An important considerationin
interpreting these results is that even at equilibrium, dif-
fusing tubulin will be very dilute atypical um concentra-
tions. For a40 pmlong microtubule, therewill be55 mole-
cules of tubulin, assuming the background concentration,
Co, 1510 pum. Thisnumber of moleculesisat thelimit where
the continuum assumption made in deriving the model be-
gins to break down. At 10 nm tubulin there will be only a
1in 20 chance that a single molecule will be found within
the 40 um microtubule length. To account for thisfact, the
ordinate in Fig. 3 can be more appropriately regarded as



518

Taxol Concentration Profiles In Microtubules In Vivo
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Fig. 4 Taxol transport rates inside microtubules, assuming that the
taxol binding site is located on the inside of microtubules. The re-
sults assume that binding is fast, reversible, and the outside concen-
tration, ¢, islessthan Kp

the probability of finding a tubulin molecule at any posi-
tion in the microtubule, relative to the probability of find-
ing a tubulin at an arbitrary position outside the microtu-
bule. Whether viewed deterministically in the continuum
limit or probabilistically in the discrete limit, equilibrium
is reached within minutes.

Taxol-diffusion with fast, reversible binding
under dilute conditions

Whilemuch smaller than tubulin, taxol transport inside mi-
crotubules occurs at rates much slower than tubulin, as-
suming that the taxol-binding site is located on the inter-
ior surface of the microtubule. Asshownin Fig. 4, it takes
several days for an appreciable accumulation of taxol to
develop at the base of a 20 um microtubule with one end
open or in the middle of a 40 um microtubule with both
ends open. The approach to equilibrium is retarded by the
binding to the interior surface of the microtubule which
occurs with a high affinity (Kp=15 nm) and a high local
capacity (n=12 mm). The model predictsthat it will takes
months for the microtubule to be completely filled. Ac-
cording to Eq. (12), the diffusivity is reduced by a factor
of ~1/K* (for K* > 1), which for the parameters measured
by Caplow et al. (1994) givesadimensionless affinity con-
stant of K* =n/Kp=(12 mm)/(15 nM)=8x10°. Thisin turn
givesaDyy=(1.8%10%° m?/s)/(8x 10°)=2.3x107*° m?/sfor
taxol inside microtubules.

Itisimportant to notethat the model assumesdilute con-
ditions ([taxol] <Kp) so that an analytical solution can be
readily obtained by approximating the Langmuir isotherm
asalinear isotherm. The more general Langmuir isotherm
(whichisnonlinear) requires numerical integration of cou-
pled balances on both the bound and free taxol. In the case
where[taxol] >Kp, theratesof transport will befaster than

the dilute (and hence linear) case because taxol binding
sitesnear themicrotubule end will be saturated so that there
will be no net binding retarding taxol transport. In addi-
tion, the model assumes the binding is fast so that mole-
cules rapidly reach alocal binding equilibrium. The aver-
age timethat taxol will remain in the unbound state before
rebinding is~40 ns, corresponding to aroot-mean-squared
displacement of ~4 nm. Therefore, the assumption of rapid
binding appears to be reasonable.

Antibody diffusion with fast, reversible binding
under dilute conditions

Antibodiescould potentially recogni ze epitopesontheinter-
ior surface of microtubules and so their transport into the
microtubule lumen is required for them to bind. The physi-
cal situationisidentical to that of taxol transport in that both
binding and diffusion occur so that an effective diffusivity
must be defined according to Eq. (9). Using the capacity (12
mm) and affinity (Kp assumed 10 nm) given for IgG in
Tablel, Dg=(3.9x102 m%s)/(1.2x10%= 3.3x107%8
m?/s. Therefore the transport of antibody specific for an
interior epitope is extremely slow, requiring about ayear to
accumulate molecules at the base of a 20 um microtubule
open at one end or in the middle of a 40 um microtubule
open at both ends as shown in Fig. 5. Given the uncertainty
intheestimate of anti-acetylated antibody affinity, itisworth
considering the effect of changing the affinity in the calcu-
lations. If the binding of the antibody is an order of magni-
tude weaker (Kp =100 nm), then it would take 100 days for
the center concentration of 40 um microtubule open at both
ends to reach 75% of the equilibrium concentration. If the
binding is yet another order of magnitude weaker (Kp=1
pm), the time required would be 10 days.

Aswithtaxol, theseresults are based on the assumption
that alinear isotherm holds, valid for [antibody] <K, and
that the binding kinetics are fast compared to diffusion.

Antibody Concentration Profiles in Microtubules In Vitro
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D=43x10"m¥s
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Fig. 5 Antibody transport rates inside microtubules, assuming the
antibody is specific for an epitope in the interior of microtubules.
The assumptions made for taxol transport apply to antibody trans-
port also



The average time that the model antibody will remain in
the unbound state before rebinding is ~1 ms, correspond-
ing to aroot-mean-squared displacement of ~2 nm. Again,
the assumption of rapid binding appears to be reasonable.

Discussion

The mathematical analysis of diffusion and reaction inside
microtubules shows that the rate of transport depends
strongly on whether or not the diffusing molecule is ca-
pable of binding to the interior surface. If the diffusing
molecule binds, as is the case for an antibody specific for
an epitope on the interior of the microbubule, then the
transport will be afactor of ~10° slower than if it does not
bind (assuming an affinity of K;~10 nm). A second-order
effect on the rate is the hindrance due to diffusion in the
relatively small microtubule, whose inner diameter is
roughly on the same scale as the diameter of macromole-
cules. Hindrance makestransport of macromol eculesafac-
tor of ~3 slower than occurs outside microtubules and is
almost negligible for small molecules such as taxol (only
~20% slower).

Implications for microtubul e structure

Based on an analysis of the el ectron crystallographic struc-
ture of aB-tubulin zinc sheets, it was predicted that -
tubulin’staxol-binding siteand a-tubulin’sacetylation site
on Lys40 are both on the inside of microtubules (Nogal es
et al. 1998). The present mathematical analysis seems to
cast doubt on this possibility because of the long transport
times required (Figs. 4 and 5) for appreciable accumula-
tion of diffusing molecules such as taxol or an anti-acety-
lated tubulin antibody (antibodies specific for posttranslia-
tionally-modified tubulin are reviewed in Andreu and de
Pereda (1993)). In the case of taxol, the kinetics and ther-
modynamics of [*H]taxol binding to GMPCPP-stabilized
mi crotubul eshave been characterized (Caplow et al. 1994).
Inthisstudy, 5 nm [*H]taxol wasincubated with 7.3 nm tu-
bulin in the form of GM PCPP microtubules. These micro-
tubules had an average length of 7.7 um (M. Caplow, per-
sonal communication) and were incubated with [*H] taxol
for 7 minutes. If the binding site were on the interior of the
microtubule, then the present model predicts that binding
under these conditionswould be far from equilibrium with
theinterior 5 um of the 7.7 um microtubules having essen-
tially notaxol bound after 7 minutes. Therefore, if thebind-
ing site isindeed on the interior of the microtubule, then
the affinity of taxol for tubulin is greater than previously
thought since not enough time was allowed for the system
to reach equilbrium. Alternatively, if the binding siteison
the exterior of the microtubule, then the taxol-tubulin
system was presumably at equilibrium. To resolve thisis-
sue additional experiments, for example by repeating the
binding experiments using longer incubation times or by
directly observing the dynamics of fluorescent taxol bind-
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ing to microtubules using videomicroscopy, will be re-
quired. These new experimental resultscanthen bedirectly
compared to the present model predictions from Eg. (5).

Recently, Evangelio et al. (1998) modelled the diffu-
sion rate of taxol inside microtubules at high taxol concen-
tration and found that the predicted diffusion times were
much longer than those measured experimentally, consis-
tent with the present conclusion.

Previous work with taxol binding to mitotic spindles
seems to support the exterior binding site model (Salmon
and Wolniak, 1984). In this study isolated spindles were
preincubated for 15 minutes with 1 um taxol (half-spindle
length ~7 pm) and then taxol washed out and 100 pum Ca?*
simultaneously washed in. It was found that the birefrin-
gence, characteristic of the level of the microtubule poly-
mer mass in the spindle, decreased exponentially with a
half-timeof ~20 minutes. That the birefringence decreased
exponentially suggests that the microtubules had reached
equilibrium with the taxol by the end of the 15 minute pre-
incubation period. Based on the present model results, if
the taxol binding siteison theinterior of the microtubules,
then it would be expected that the birefringence would
slowly decrease until the morelabileinterior regionsof the
spindle microtubules were exposed at which point the bi-
refringencewould rapidly decrease. It should be noted that
the experiments were conducted using 1 um taxol, while
the present model results are only strictly valid at nm con-
centrations (assuming K =15 nm).

Another possible mechanism for taxol transport and
binding is that taxol might be able to squeeze its way
through gaps between tubulin subunits in the microtubule
lattice. In this model the gaps would need to be ~1 nm or
larger in diameter, a plausible distance based on current
structural models for the microtubule lattice (Nogales et
al. 1998). This possibility could be tested experimentally,
possibly by covalently linking taxol to a particle too large
to pass through the microtubul e | attice gaps. Such ataxol-
particle should not be able to bind to the microtubuleif the
binding site is located on the interior of the microtubule,
but should be able to bind if the binding siteislocated on
the exterior surface.

In the case of antibody binding, the very long times re-
quired for appreciable accumulation of antibodiesinside a
microtubule also appears to cast doubt on the prediction
that recognized epitopes such as the acetylated-Lys40 of
a-tubulin arelocated on theinterior of microtubules. Inla-
belling experiments, ~30 nm concentrations of anti-acet-
ylated tubulin antibodies were used in a30 minute incuba-
tion at room temperature to label microtubulesin permea-
bilized and fixed cells (Schulze et al. 1987). Fluorescence
microscopy revealed extensive labelling of microtubules,
some with labelling lengths approaching 10 um. Based on
the present mathematical analysis, these results are incon-
sistent with a model where the acetylation site is on the
interior of microtubules. In addition, it would be expected
that the antibodies themselves would contribute to addi-
tional hindrance, owing to their relative large size and
would retard passage of molecules into the microtubules
oncethey had bound near the microtubuletip. It seemsvery
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unlikely that an antibody could squeeze through gaps in
the microtubule lattice. One alternative mechanism for
transport into the microtubulelumenisthat thefixation as-
sociated with theimmunostai ning preparation damagesthe
microtubul e | attice so that gaps are created that allow pas-
sage of antibodies. As few as one or two tubulin dimers
lost from the lattice could provide a gap large enough for
an antibody to pass through the wall. Experimentally this
could be tested by exposing unfixed microtubules directly
to anti-acetylated tubulin antibodies and determine
whether binding occurs.

Implications for controlled-release drug delivery

The slow transport rates in microtubules suggest that mi-
crotubulesmight serve asvehiclesfor drug delivery incon-
trolled-release applications, particularly if the therapeutic
drug binds to the interior of the microtubule. These drug
molecules could be loaded into microtubules at high (mm)
concentrations during microtubule assembly and the mi-
crotubules stabilized by GMPCPP. Implanted or injected
microtubuleswould then slowly rel ease the drug over time
scal es of daysto months, depending on the size of themol e-
cule, the affinity of the drug for tubulin, and the length of
the microtubules. To achieve kinetics closer to the desired
zero-order release kinetics, the microtubules could be pre-
incubated before transfer to the patient to reduce the con-
centration near the microtubule tips. The controlled-re-
lease strategy might be especially beneficial to deliver
taxol which haspoor solubility in aqueous mediaand there-
foreitsadministration is difficult. In the particular case of
taxol it would be especially appropriate if the taxol bind-
ing site is located on the interior of the microtubule. Fi-
nally, the model results generally apply to diffusion of
molecules, including therapeutic drugs, through narrow
one-dimensional channelsin cellssuch asmembranetrans-
port channels and gap junctions.
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