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The kinetics of Taxol association to and dissociation
from stabilized microtubules has been measured by
competition with the reference fluorescent derivative
Flutax-1 (Diaz, J. F., Strobe, R., Engelborghs, Y., Souto,
A. A,, and Andreu, J. M. (2000) J. Biol. Chem. 275, 26265-
26276). The association rate constant at 37 °C is k, =
(3.6 = 0.1) x 10 M~ ! s™L. The reaction profile is similar to
that of the first step of Flutax-1 binding, which probably
corresponds to the binding of the Taxol moiety. The rate
constant of the initial binding of Flutax-1 is inversely
proportional to the viscosity of the solution, which is
compatible with a diffusion-controlled reaction. Micro-
tubule-associated proteins bound to the microtubule
outer surface slow down the binding of Flutax-1 and
Flutax-2 10-fold. The binding site is fully accessible to
Flutax-2 in native cytoskeletons of PtK2 cells; the ob-
served kinetic rates of Flutax-2 microtubule staining
and de-staining are similar to the reaction rates with
microtubule associated proteins-containing microtu-
bules. The kinetic data prove that taxoids bind directly
from the bulk solution to an exposed microtubule site.
Several hypotheses have been analyzed to potentially
reconcile these data with the location of a Taxol-binding
site at the model microtubule lumen, including dynamic
opening of the microtubule wall and transport from an
initial Taxol-binding site at the microtubule pores.

Taxol,! a complex diterpene found in the bark of the Pacific
yew (1), is a recent addendum to the pharmacopeia of cancer
treatment. Taxol is extensively used in the therapy of ovarian
cancer, metastatic breast cancer, head and neck cancer, and
lung cancer (2). At the time of the discovery of its action on
microtubules (3), Taxol had a unique characteristic against
other microtubule-binding drugs (4). Classical antimitotics
(colchicine and vinblastine) bind to tubulin and prevent the
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formation of microtubules (5-8). Taxol activates tubulin by
binding to the microtubules, stabilizing the assembled form,
and blocking the microtubule dynamics necessary for cell func-
tion (9—11). Taxol is able to drive the assembly of the otherwise
inactive GDP-bound tubulin into microtubules (12). Recently,
promising new microtubule-stabilizing anti-cancer drugs have
been discovered, including cytotoxic products from myxobacte-
rias (epothilones (13)), sea sponges (discodermolide (14) and
laulimalide (15)), and a soft marine coral (eleutherobin (16)).
Despite the different chemical structures of these compounds,
they share a common pharmacophore with Taxol (17-20) and
bind to the Taxol-binding site with different affinities,? except
laulimalide (15), which binds at a different site in microtubules
(21). The conformation of microtubule-bound Taxol has thor-
oughly been investigated (20, 22, 23).

The binding site of Taxol has been mapped in the B-tubulin
subunit using photolabeling (24—-26). The labeled amino acid
residues are in agreement with the 3.5-A resolution electron
crystallographic structure of tubulin in Taxol-stabilized zinc-
induced two-dimensional crystals (23, 27). Tubulin zinc sheets,
whose assembly is not GTP-dependent (28), consist of protofila-
ments similar to those that form the microtubules although in
an antiparallel array. The docking of these protofilaments into
electron microscopy density maps of Taxol-containing 14 and
15 protofilament microtubules (29, 30) results in an atomic
model of microtubules in which the binding site of Taxol is
located on the microtubule inner surface (30, 31). Such luminal
location will in principle make the binding site difficult to
access for Taxol site ligands in assembled microtubules. How-
ever, it had been shown previously that Taxol modifies the
flexibility of microtubules in a few seconds (32) and that the
reversible binding of Taxol and its side chain analog docetaxel
to an accessible site of microtubules changes the number of
their protofilaments within a time range of 1 min (33). The
binding site of Taxol is easily accessible for two fluorescent
derivatives of Taxol, Flutax-1 and Flutax-2 (34, 35). These
probes easily bind to and dissociate from native cytoplasmic
and spindle microtubules and centrosomes and are able to
induce cell death (34, 36). The binding of these ligands takes
place in a two-step mechanism (35) as shown in Equation 1,

k+1 k+2
site + Flutax = site — Flutax = site — Flutax* (Eq.1)
k_y k_g

The first step comprises the fast binding of the ligand with
micromolar affinity. This reaction does not affect the mobility
of the fluorescent group (either fluorescein or difluorofluores-
cein), and because it is blocked by docetaxel it seems to be
contributed to by the binding of the Taxol moiety itself. The

2J. F. Diaz, unpublished data.
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kinetic binding constants k., ; are of the order of 106 M ' s™ ! at
37 °C (35) indicating binding to an exposed binding site, in
contrast with the current microtubule model. Subsequent to
the bimolecular step, there is a monomolecular reaction that
involves a rearrangement in the system resulting in the immo-
bilization of the fluorescent group. This step probably implies a
weak binding of the fluorescein moiety to the microtubules (35).

The purpose of this study was to definitely establish the
accessibility of the binding site of Taxol in microtubules. There-
fore, the kinetics of Taxol association and dissociation have
been measured in order to discard any possible enhancement of
the association rates by the fluorescent side chain of the ana-
logs. Thus, these fluorescent derivatives of Taxol were used to
learn about the mechanisms that allow such accessibility by
investigating the effects of the solution variables and possible
perturbants on the binding kinetics, such as the presence or
absence of MAPS and the C-terminal acidic segment of tubulin.
The binding rates of fluorescent taxoids to the Taxol site in
native microtubule cytoskeletons have been measured as well.
Finally, several hypotheses have been analyzed to potentially
reconcile the location of the binding site of Taxol in the lumen
of model microtubules with fast binding kinetics.

EXPERIMENTAL PROCEDURES

Tubulin and Taxoids—Purified calf brain tubulin and chemicals
were as described (12). For glycerol-induced assembly, tubulin was
directly equilibrated in buffer: 10 mm phosphate, 1 mm EGTA, 0.1 mm
GTP, 3.4 M glycerol, pH 6.8. All tubulin samples were clarified by
centrifugation at 50,000 rpm, 4 °C, for 10 min using TL100.2 or TL100.4
rotors in Beckman Optima TLX centrifuges. After centrifugation, 6 mm
MgCl, and up to 1 mMm GTP were added to the solution, giving a final pH
6.5. Microtubular protein, containing tubulin and MAPs, was prepared
as described (37) in 100 mm Mes, 1 mm EGTA, 1 mm MgSO,, 2 mMm
2-mercaptoethanol, 1 mm GTP, pH 6.5. MAPs were prepared from
microtubular protein as described (38). hTau40, the longest isoform of
microtubule-associated protein Tau (39), was a gift from Dr. Vincent
Peyrot and Francois Devred (University of Marseille, France). It was
dissolved in 10 mMm phosphate, pH 6.5, buffer, and its concentration was
determined spectrophotometrically in 6 M guanidinium chloride (em-
ploying a practical extinction coefficient of 6500 M~ cm ™! at 280 nm,
computed using the ProtParam tool at www.expasy.ch). The activity of
both MAPS and Tau was confirmed by means of a cosedimentation
assay with cross-linked microtubules. Docetaxel (Taxotere®) was kindly
provided by Rhone-Poulenc Rorer (92165 Antony, France). Flutax-1
(7-O-[N—(4'-fluoresceincarbonyl)-L-alanyl]-Taxol) and Flutax-2 (7-O-
[N—(4'-2,7-difluoro-fluoresceincarbonyl)-L-alanyl]-Taxol) were synthe-
sized as described (40).

The diffusion coefficients of the taxoids were measured at 20 °C in 10
mM phosphate, pH 6.5, buffer using a synthetic boundary cell in an
Optima XL-A (Beckman Instruments) analytical ultracentrifuge as de-
scribed (41) at a speed of 15,000 rpm and wavelength of 230 (Taxol and
docetaxel) or 495 nm (Flutax-1 and Flutax-2). The data were analyzed
using the program VELGAMMA (42). The diffusion coefficients in GAB
(glycerol assembly buffer, 3.4 m glycerol, 10 mM sodium phosphate, 1
mM EGTA, 6 mm MgCl,, 0.1 mMm GTP, pH 6.5) at 37 °C were calculated
from the values in phosphate buffer using the viscosity of a 30% solution
of glycerol in water at 37 °C (1.55 centipoise (43)).

Preparation of Stabilized Microtubules—Solutions of 50 uM tubulin
in GAB were assembled at 37 °C for 30 min, and 20 mMm glutaraldehyde
was added to the solution, which was kept at 37 °C for another 10 min.
The remains of the cross-linking agent were quenched by adding 60 mm
NaBH, (Fluka), and the solution was dialyzed overnight using Slide-A-
Lyzer 10K dialysis cassettes (Pierce) against the desired buffer and
drop-frozen in liquid nitrogen (35, 44). After this treatment 90% of the
tubulin was found to have incorporated into the microtubules, and
100% of the assembled tubulin dimers were found to bind taxoids
immediately after dialysis (as measured by a sedimentation assay (35)).
Each batch of cross-linked microtubules was found to be stable against
dilution and low temperatures. The binding sites of Taxol in drop-frozen
microtubules were found to be stable for at least several months, while
they slowly decayed at 4 °C with a half-life of ~50 days (average of four
batches).

The morphology of the cross-linked microtubules was checked with
electron microscopy as described previously (45). Cross-linked microtu-
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bules before freezing were normal and indistinguishable from non-
stabilized microtubules, whereas unfrozen microtubules showed many
openings along their structures.

When indicated, cross-linked microtubules in GAB 0.1 mm GTP were
digested with 0.7% w/w subtilisin Carlsberg (Sigma) for 30 min at
37 °C. The reaction was stopped with 2 mm phenylmethylsulfonyl flu-
oride (Calbiochem), and the cleavage of the C-terminal fragment of both
tubulin subunits was checked by SDS-PAGE of peptides (46).

Kinetics of Taxoids Binding to and Dissociation from Microtubules—
The kinetics of binding and dissociation of Flutax-1 and Flutax-2 were
measured by the change of fluorescence intensity using an SS-51
stopped flow device (High-Tech Scientific, UK) equipped with a fluores-
cence detection system, using an excitation wavelength of 492 and a
530-nm cut-off filter in the emission pathway. The fitting of the kinetic
curves was done with a non-linear least squares fitting program based
on the Marquardt algorithm (47) where pseudo-first order conditions
were used; otherwise the FITSIM package (48) was employed.

Because the binding of Taxol to microtubules does not produce any
optical signal, its binding kinetics was measured by its effect on the
observable Flutax-1 binding to microtubules. The binding of Flutax-1 to
its microtubule site in the presence of different concentrations of Taxol
was measured as described above. The kinetic curves were fitted using
the rate constants of binding and dissociation of Flutax-1 that had been
determined independently (see Ref. 35 and this work).

The kinetics of dissociation of Taxol from its site in the microtubules
was measured by adding 10 uM Flutax-1 to a solution containing 1 um
Taxol and 1 uM binding sites. The dissociation of Taxol can be assessed
by the small (less than 5%) change in fluorescence intensity of the
solution because of the binding of Flutax-1 to the sites left empty by
Taxol. The low signal to noise ratio required averaging a minimum of 10
experimental curves per measurement. These experiments were meas-
ured with a photon counting instrument Fluorolog 3-221 (Jobin Yvon-
Spex, Longiumeau, France) with excitation wavelength 495 nm (0.1-nm
bandpass in order to prevent photolysis) and emission wavelength 525
nm (5-nm bandpass).

The equilibrium binding constants of Flutax-1, Flutax-2, and Taxol
to microtubules were obtained from anisotropy titration measurements
made with a PolarStar microplate reader (BMG Labtechnologies,
Offenburg, Germany) at different temperatures, as described (44).

Cytoskeletons and Fluorescence Microscopy—PtK2 potoroo epithelial-
like kidney cells were cultured as described previously (49). Unfixed
coverslip-attached PtK2 cytoskeletons were obtained by washing cells
eight times with PEMP (PEM buffer containing 4% polyethylene glycol
8000, pH 6.8), and then the cells were permeabilized with 0.5% (v/v)
Triton X-100 in PEM (100 mMm Pipes, 1 mm EGTA, 1 mMm MgCl,, pH 6.8)
for 90 s at room temperature and finally washed eight times in PEMP
microtubule stabilizing buffer (34) to avoid disassembly. The cytoskel-
etons were dipped into 0.2 or 1 pum Flutax-2 for different times. They
were rapidly washed 12 times with 2 m] of PEMP changing the washing
well after six washes, mounted with 20 ul of PEMP, and their images
were recorded with a Zeiss Axioplan epifluorescence microscope using a
100x Plan-Apochromat objective and a Hamamatsu 9742-95 cooled
CCD camera (36). Controls were performed, in which the incubation
with Flutax-2 was made in the presence of 50 uM docetaxel (which was
preferred to Taxol due to its higher solubility). The displacement of
Flutax-2 was observed in cytoskeletons incubated for 2 min with 1 um
Flutax-2, washed eight times with PEMP in two different wells, incu-
bated with 13.3 uM docetaxel for different times, and then washed again
eight times with PEMP in two different wells to remove the displaced
Flutax-2, and the images were recorded as above.

The fluorescence intensities of a minimum of 10 different fields per
time point were integrated using Scion Image (Scion Corp.) and aver-
aged. In order to measure the fluorescence intensity per unit of length
of microtubules, 3 X 10-pixel (0.08 X 0.24 uM) rectangles where defined
over single interphasic microtubules in the images. The intensity of the
rectangles was found to be homogeneous within each microtubule and
among microtubules at each reaction time (the S.D. was 8 + 2% of the
mean value). The values of the controls performed with 50 um docetaxel
were subtracted from the data.

The maximal amount of tubulin contained in the cytoskeletons can
be roughly estimated from the number of cells attached to the coverslip
(~200,000) and the volume of each cell (~10~'2 liters). Assuming that
the concentration of cytoskeletal tubulin inside the cells is in the order
of 50 uM (5 mg/ml), the maximal amount of tubulin per coverslip is
10~ ** mol, which is 200 and 40 times lower than the amount of Flutax-2
(0.2 or 1 puM) in the 2-ml well. The fact that the concentration of Flutax-2
remains constant during the experiment (pseudo-first order conditions)
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was confirmed by spectrophotometric measurements of Flutax-2 before
and after staining of the cytoskeletons, with no change detected.

RESULTS

Kinetics of Taxol Binding to and Dissociation from Stabilized
Microtubules—In order to discard the possibility that the flu-
orescein moiety of the fluorescent taxoids could contribute to
the fast initial binding steps of these ligands to their site in the
microtubules, the kinetic constants of Taxol association and
dissociation were measured using a competition method. This
method precludes analysis of the exact mechanism of associa-
tion of Taxol, which is assumed to occur in a single step,
thought to be equivalent to the first step of binding of Flutax-1
(Introduction). The microtubules used for these experiments
had been stabilized by gentle cross-linking (see “Experimental
Procedures”), a procedure that has been shown not to modify
the kinetics of binding of fluorescent taxoids (35). Because the
microtubules were frozen in liquid nitrogen and unfrozen prior
to use, adequate controls were performed in order to check that
the kinetics of binding was not modified by freezing, as was the
case. The binding time course of 500 nm Flutax-1 to 500 num sites
was monitored in the presence of increasing concentrations of
Taxol, using stopped flow techniques. If the association of Taxol
were much slower than that of Flutax-1, no effect should be
observed when increasing the concentration of Taxol. On the
other hand, if the association of Taxol is faster than or compa-
rable with that of Flutax-1, both Taxol and Flutax-1 will bind
simultaneously, and only part of the sites will fill with
Flutax-1; in this way an appreciable effect in the amplitude of
the observed kinetics should be noticed. This is the case, as can
be seen in Fig. 1A. A complete set of curves at each temperature
were simultaneously fitted (using the rate constants of associ-
ation and dissociation of Flutax-1 (35)), rendering the kinetic
constants of Taxol binding to its site in the microtubules (Table
D). The binding rate constant value determined at 37 °C is five
times higher than that of the fast step of Flutax-1 association
(Taxol, 3.6 X 108 M ! s %; Flutax-1, 6.1 X 10% to 7.4 X 10> m ™!
s71(85)) and less dependent on temperature, which indicates
lower activation energy (Fig. 24).

Additionally, in order to correlate the kinetic constants with
the diffusion of the ligands, the diffusion coefficients of Taxol,
Flutax-1, and Flutax-2 were measured in 10 mm phosphate
buffer pH 7.0. The values determined in this aqueous buffer at
20 °C, D, H,0, are as follows: 3.1 + 0.3 X 1071® m? s~ for
Taxol, 2.8 + 0.2 X 107 ° m? 57! for Flutax-1, and 2.7 + 0.1 X
1071 m?2 57! for Flutax-2. After correction for the viscosity of
GAB and temperature, the diffusion constants under the ex-
perimental conditions, Ds,,GAB, were 2.2 + 0.2 X 10! m?
s119+02xX10°m?2s 1 and 1.8 + 0.2 X 10 ®m2s 1,
respectively. The value of Flutax-2 is very close to the rough
spherical approximation used in our previous work, 1.6 X 10~ *°
m? s 1 (35). The diffusion coefficient values of the fluorescent
ligands indicate, following the Stokes-Einstein equation, an
effective radius of 8 A.

The kinetic constants of dissociation of Taxol were deter-
mined by displacing the Taxol bound to its site in the microtu-
bules with a 10-fold excess of Flutax-1 (Fig. 1B). The values
obtained for £_; of Taxol (0.091 s 1 at 37 °C) (Table I) and its
activation energy (Fig. 2A) are in between those of £_; and &k _,
of Flutax-1, so it is not possible to assign directly the dissocia-
tion step to either of the two dissociation steps of the fluores-
cent taxoid.

The ratio of £, and k_ renders equilibrium binding constant
values of Taxol binding in the order of 10” M~ ! s~ ! which is
compatible with equilibrium measurements of competition
with Flutax-2 (Table II). There is a factor from 3 to 4 between
both sets of values, coming from a similar factor observed
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Fic. 1. A, kinetics of association of Taxol to microtubules at 37 °C. In
the stopped flow device a solution of cross-linked microtubules contain-
ing 1 uM sites was mixed 1:1 with a 1 uM solution of Flutax-1, contain-
ing different concentrations of Taxol 0 uM (curve A), 0.05 uM (curve B),
0.1 puM (curve C), 0.25 uMm (curve D), 0.5 uM (curve E), and 1 uM (curve F).
The dashed lines are the result of the simultaneous fitting of all curves
to a kinetic model of a single step association of Taxol. B, kinetics of
dissociation of Taxol from microtubules at 37 °C. At time 0 s, 10 uM
Flutax-1 was added to 1 uM binding sites in cross-linked microtubules
that contained 1 um Taxol. The reaction was followed by the change in
fluorescence intensity (average of 9 curves). The data were smoothed in
1-s intervals, and fitted to a single exponential (dashed line).

between the equilibrium constants of the fluorescent taxoids
used as reference values calculated from their kinetic param-
eters and those measured directly (Tables II and III in Ref. 35).
Effect of Solution Variables in the Kinetics of Binding of
Flutax-1 to Stabilized Microtubules—Once the fast binding of
Taxol to stabilized microtubules had been characterized, and
shown to be clearly related to the first step of the association of
Flutax-1, and the accessibility of the taxoid-binding site in the
microtubules proved to be independent from the existence of
the fluorescent moiety of Flutax-1 and Flutax-2, these fluores-
cent taxoids could be used as bona fide probes of the kinetics of
binding and therefore were used for the rest of the study.
Because Flutax-1 has a larger fluorescence intensity change
upon binding, it was preferred for the stopped flow studies.
The first step of Flutax-1 and Flutax-2 binding to microtu-
bules has been proposed to be a diffusion-collision reaction (35).
To confirm this, the dependence of the association rate constant
on viscosity was studied using GAB buffers with different con-
centrations of glycerol (0—60% instead of the usual 30%). If one
of the reactants is as large as a microtubule and diffusion
controls the reaction, the association rate constant will depend
on the diffusion coefficient of the ligand (see Equation 3 in Ref.
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TABLE 1
Kinetics constants of Taxol association to (k) and dissociation from (k_,) cross-linked microtubules

25 °C 30°C 35°C 37°C 40 °C
ko (X10°M ts™h) 1.61 = 0.10 2.29 * 0.06 2.93 = 0.09 3.63 = 0.08 3.91 = 0.05
k_,(X1072s7Y 1.52 = 0.10 3.34 £0.18 592 =041 9.10 = 0.62 12.37 = 0.88
mMm GTP, pH 6.5) under pseudo-first order conditions. Two
16 - A main differences from microtubules assembled from pure tu-

14 \‘\H\*\*\

Ln (k)

325 3.30 3.35

1000/T (K™

3.40

2.0e+6

1.5e+6 -

1.0e+6 -

ka(M's™)

5.0e+5

0.0

1 (cP™)

Fic. 2. A, Arrhenius plots of the association and dissociation of the
Taxol-microtubules complex. Solid circles, association rate constants of
Taxol binding. Solid squares, rate constants of Taxol dissociation. B,
dependence on the buffer viscosity of £, , of Flutax-1 binding. All reac-
tions were performed in 10 mM phosphate, 1 mm EGTA, 6 mm MgClL,,
0.1 mm GTP, pH 6.5, plus different concentrations of glycerol from 0 to
60% v/v.

35), which is inversely proportional to the viscosity of the
medium, as shown by the Stokes-Einstein equation. As can be
seen in Fig. 2B, k_, linearly depends on the reciprocal of the
viscosity of the media as expected from a diffusion-collision
reaction.

The association of Flutax-1 to cross-linked microtubules was
also studied under different conditions e.g. buffer composition,
pH, ionic strength, and Mg®* concentration, in order to learn
from the system by observing the changes induced by these
solution variables. The results (Table III) can be summarized
as follows: (@) lowering the pH accelerates the binding reaction;
(b) a moderate ionic strength doubles the reaction rate; and (c)
Mg?" seems to be a requirement for Flutax-1 binding.

Effect of Modifying the Outer Surface of Microtubules; Kinet-
ics of Binding of Flutax-1 and Flutax-2 to MAP-containing
Microtubules—To know if the surface-bound MAPs affect the
binding of taxoids to the microtubules, kinetic studies were
performed using microtubules stabilized by MAPs (instead of
cross-linking). Fig. 3A shows the time course of binding of
Flutax-1 to microtubules assembled from microtubular protein
in AB buffer (microtubular protein assembly buffer, 100 mm
Mes, 1 mm EGTA, 1 mm MgSO,, 2 mm 2-mercaptoethanol, 0.1

bulin in GAB buffer can easily be observed (Fig. 3B, dotted
line). First, the reaction is slower, with a half-life of 250 ms
compared with 75 ms in similar reactant concentrations. Sec-
ond, the curve cannot be described by single exponential decay
but by the sum of two exponentials, indicating the presence of
at least two different processes. Because, in order to assemble
and stabilize microtubules by MAPs, AB buffer had to be em-
ployed, adequate control measurements® were performed that
discarded the possibility that the observed effects could be due
to the buffer change.

In order to confirm that the kinetic changes are truly due to
the MAPs, and not to the differences in the tubulin purification
methods, isolated MAPs were added in AB buffer to cross-
linked microtubules, which remained stable in the presence of
at least 15% w/w of MAPs. The same proportion of MAPs to
microtubules was needed in order to turn the monophasic ki-
netics into biphasic kinetics, and 20% w/w was necessary to
reconstitute the parameters of binding of Flutax-1 to microtu-
bular protein in AB (Fig. 3B; 0% MAPS (dotted line), monopha-
sic kinetics, k£, 7.56 + 0.49 X 10° m~! s~ 1; 20% MAPS (solid
line), biphasic kinetics, £, ; 2.18 = 0.35 X 10° M 's™ 1 £, , 2.43
s~1, 35 °C; the amplitude of the slow phase was still smaller
than in the case of binding to microtubules assembled from
microtubular protein in AB buffer, even if 40% w/w MAPS were
added). These results prove that the slowing down of the ki-
netics is a genuine effect of MAPs, and moreover support pre-
vious evidence that the cross-linking of purified tubulin micro-
tubules does not modify their fluorescent taxoid binding
properties, (35).

To know whether the kinetic changes might be due to shield-
ing of the acidic C-terminal domains of tubulin by MAPS, the
effect of the positively charged hTau40 on the kinetics were
measured. The binding of recombinant hTau40 to microtubules
negligibly modified the rate of binding of Flutax-1. Different
proportions (from 0 to 20% mol/mol tubulin) of hTau40 were
added to cross-linked microtubules in GAB, and the kinetics of
association of Flutax-1 were measured at 37 °C (the & ; values
are as follows: 0%, 6.32 = 1.12 X 10° M s~ %; 5%, 8.26 + 1.22 X
10° M ' 57 10%, 7.42 = 1.54 X 10° M ' 571 15%, 7.08 =
1.01 x 10° m~! s7%; 20%, 6.40 + 0.97 X 10° M ! s71; the
association curves were monophasic in all cases). The effect of
20% mol/mol hTau 40 in the rate constants of Flutax-1 was
further studied at different temperatures, but no significant
differences with the constants in the absence of hTau40 were
found. The combination of changing the buffer to AB and the
addition of 20% mol/mol of hTau40 did not reproduce the effect
of MAPS (k,, 37 °C, 23.58 = 0.67 X 10° M~ s™!, monophasic

3 The kinetics of association of cross-linked microtubules made of
purified tubulin Flutax-1 was measured in AB buffer in which micro-
tubules are stable for a limited time. The rate value obtained for
Flutax-1 at 37 °C (k,, 20.28 * 2.17 X 10° M ' s~ 1) was three times
faster than the rate measured in GAB. Nevertheless, the acceleration
was due to the lower viscosity of the buffer, because addition of 3.4 M
glycerol to AB buffer reduces the association constant to a value (%, ,
37°C 9.42 + 1.21 X 10° Mm' s7!) similar to those in GAB. The kinetics of
association and dissociation of Flutax-1 to and from microtubular pro-
tein are not modified if 30% glycerol is added to AB (&, 37 °C 2.41 =
0.25 X 10° s, k_,4.01 + 0.23 X 102 s, indicating that in this case
the reaction is no longer diffusion-limited.
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TaBLE II
Experimental and calculated equilibrium constants and thermodynamic parameters of binding of Taxol to its site in cross-linked microtubules
25 °C 30°C 35°C 37°C 40 °C
K (X107 m 1) 2.64 = 0.17 1.83 = 0.09 1.43 = 0.17 1.07 = 0.11 0.94 = 0.23
K (x10" M 1)® 106 =14 6.9 =05 4.9 = 0.6 4.0 1.0 3.2+05
Ea, kJ mol '® 47+ 4
Ea_ kJ mol 1? 109 = 5
AH kJ mol * —-62=*6
AS J mol ! K¢ -53 5
AH kJ mol 1@ —-51+4
AS J mol ' K 1@ —-28 + 13

¢ Data from equilibrium competition measurements with Flutax-2 as reference.
® Data from kinetic competition measurements with Flutax-1 as reference.

TaBLE IIT
Effect of solution variables in the association rate constant of Flutax-1 binding to microtubules in GAB

pH kg (X10° M ts™h NaCl ki (X10° M ts™h Mg?* ke 10°mts™h
mm mm

6.25 13.25 = 2.35 0 6.96 = 0.53 0 No binding
6.5 6.96 = 0.53 50 11.80 = 1.59 3 5.89 £ 0.68
6.75 3.05 = 0.38 500 11.54 = 3.18 6 6.96 = 0.53
7 1.58 = 0.52

kinetics). These results suggested that shielding of the acidic 160

C-terminal domains of tubulin by the positively charged Tau is 140

not enough to slow down the binding of Flutax-1, but another
MAP component is required, for example, high molecular
weight MAPs providing steric hindrance to the approaching
ligand. In fact, reducing the negative surface charge of the
microtubules by subtilisin proteolysis of the C-terminal seg-
ments of assembled microtubules (where the main differences
between tubulin isotypes and most of the post-translational
modifications are located (50, 51)) had no significant effect on
the association rate (k,; 37 °C non-digested microtubules,
6.34 = 1.00 X 10° M ! s~ !; C-terminal cleaved microtubules
6.01 = 0.40 X 10° M~ ! s™ 1), suggesting as well no influence of
the tubulin isotypes or post-translational modifications in the
kinetics.

The kinetics of binding of Flutax-1 and Flutax-2 to microtu-
bules with MAPS were quantitatively studied in AB buffer. Fig.
4 shows the dependence of the observed rate constants of bind-
ing of Flutax-1 at 37 °C on the concentration of sites. The fast
constant depends linearly on the concentration of sites, al-
though the slow phase saturates with the concentration of
sites. This indicates a mechanism where binding is followed by
a monomolecular reaction, similar to the one observed in the
binding to microtubules assembled from pure tubulin in GAB
(see Equation 1). Nevertheless, here the rate constant of the
second step, the monophasic reaction, is still quite strongly
dependent on the concentration of sites, which indicates that
the equilibrium constant of the first step is lower than in the
absence of MAPs, and so the reaction is not completely dis-
placed toward the end product. The second step of the reaction
is now observed, as it displaces the equilibrium toward the final
state. Within such a model, if the difference between both
constants is large enough (52), it is possible to determine the
values of the individual kinetic constants from the values of the
observed rate constants, as shown in Equations 2 and 3,

kfans = k. rlsites] + &, (Eq. 2)

Kk, o [sites]

T+ K lsites] 2 -

kSobs =

where £/(obs) and k& (obs) are the observed rates of the fast and
the slow phase, respectively.

From the data in Fig. 4 it is possible to determine the values

of £, and & 5. The value of £_, can be determined (although
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Fic. 3. A, kinetics of binding of Flutax-1 to MAP-containing microtu-
bules at 35 °C. Solid line, in the stopped flow device a 1 uM solution of
Flutax was mixed with 2.62 mg ml~* microtubular protein in AB which
contained 20 uM binding sites and ~20% MAPS (final concentrations
500 nM Flutax and 10 uMm sites). The curve is fitted to a sum of two
exponential decays. Inset, dotted line, residuals of the fitting to a single
exponential; solid line, residuals of the fitting to a sum of two exponen-
tials. The dotted line in the inset is shifted 15 units down in the y axis
for clarity in the presentation. B, effect of added MAPS on the kinetics
of binding of Flutax-1 to cross-linked microtubules. A 1 uMm solution of
Flutax-1 was mixed with 20 uM sites in cross-linked microtubules in AB
in the presence (solid line) and absence (dotted line) of 0.4 mg ml™!
isolated MAPS (final concentrations 500 nm Flutax-1, 10 uM sites, 0.2
mg ml~! MAPS). Inset, dotted line, residuals of the fitting to a single
exponential; solid line, residuals of the fitting to a sum of two exponen-
tials. The dotted line in the inset is shifted 15 units down in the y axis
for clarity in the presentation.
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Fic. 4. Dependence on the concentration of sites of the ob-
served rate constants of fast and slow phases of the binding
reaction of Flutax-1 to MAP-containing microtubules in AB at

37 °C (kgpsy (A); kg0 (B)). The solid lines are the best fittings to the
experimental data.

with a large error margin) because its value is significant
enough with respect to the product %_[sites]. Because k_, is
very small, the extrapolation to [sites] equal to 0 is too large to
determine its value properly, which has to be determined by
dissociation kinetics. The values of £_, are around 2 orders of
magnitude lower than those of £_,; 2_, is the rate-limiting step
of the dissociation reaction (as for the dissociation from micro-
tubules assembled from pure tubulin in GAB). The rate con-
stants of dissociation of Flutax-1 and Flutax-2 from their site in
MAP-containing microtubules were measured in the same way
as for the complex with microtubules assembled from pure
tubulin (Table III in Ref. 35). The reaction kinetics was found
to be monophasic (see Fig. 5), and the values obtained for the
k¢ rate were very similar to those obtained in absence of
MAPS in GAB. The rate constants determined for Flutax-1 and
Flutax-2 are summarized in Table IV. The comparison of the
kinetic constants to those obtained for the binding of Flutax-1
and Flutax-2 to microtubules without MAPS (see Table II in
Ref. 35) shows that only the rate of the first step (k) is
significantly reduced by a factor of 3—4 in the presence of
MAPS, whereas the values of the other kinetic constants (£_,
k.o, and k_,) are only marginally altered. The thermodynamic
parameters of the binding of Flutax-1 and Flutax-2 to MAP-
containing microtubules (Table V) do not show great differ-
ences from those obtained with purified tubulin microtubules,
except for the reduction of the activation energy of the first step
of the binding, the one affected. Curiously, the presence of
MAPs reduces the activation energy of the binding of Flutax to
values similar to those of Taxol itself. The parameters of the
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Fic. 5. Kinetics of dissociation of Flutax-1 from microtubules
at 35 °C. 200 uMm docetaxel was mixed 1:1 with to 20 uM taxoid-binding
sites in MAP-containing microtubules in AB which contained 15 um
Flutax-1 bound (final concentrations 100 uM docetaxel, 10 um tubulin,
7.5 uM Flutax-1). Data are fitted to a single exponential.

second step of the binding are very similar to those observed for
the binding of Flutax-2 to the microtubules in GAB, which
suggests that the immobilization of the fluorescein group is
also very similar, and it is not affected by the presence of
MAPS.

Kinetics of Binding of Fluorescent Taxoids to Microtubule
Cytoskeletons—It might be argued that the kinetics of taxoid
binding to in vitro assembled microtubules is not representa-
tive of cellular microtubules. In order to approach a more
physiological situation and to know whether the accessibility of
the binding site in native microtubules is similar to those
assembled in vitro, the kinetics of the binding of fluorescent
taxoid (Flutax-2 was chosen in this case due to its higher
photostability) to native cytoskeletons from PtK2 cells at 25 °C
has been semiquantitatively characterized by approaching
pseudo-first order conditions, employing CCD-detected epifluo-
rescence microscopy images (Fig. 6, A-D). The plot of the av-
eraged fluorescence intensity versus incubation time (Fig. 6, E
and F; 0.2 and 1 um Flutax-2, respectively) shows an exponen-
tial staining of the cytoskeletons (the data do not permit us to
distinguish between a single or double-exponential best fit). At
25 °C the half-lives of the binding process and 0.2 and 1 um
Flutax-2 are 80 and 12 s, respectively, which correspond to a
value of £ of 6.1 X 10* M~ ! s71. This value is compatible with
the extrapolation to 25 °C of &, ; of Flutax-2 binding to in vitro
assembled microtubules with MAPS which renders a rate con-
stant of 1.3 X 10° M~ s 1. Docetaxel displaces Flutax-2 from
its site in the microtubules with k., 0.75 X 1072 s~ ! (half-life
in the range of 90 s (Fig. 7)). The dissociation rate constant of
Flutax-2 from its site in microtubules assembled in vitro (Table
IV)is k_, 1.04 X 102 s~ (half-life of 66 s) which is close to the
rate of the cytoskeleton destaining process.

In order to check if the staining and destaining was spatially
homogeneous within a single microtubule (i.e. the complete
microtubule stains and destains at the same time), the fluores-
cence intensity per unit of length of individual microtubules
was measured. No differences were observed among different
fragments of microtubules within the same image. It can be
concluded from the data available that the kinetics of Flutax-2
binding to native microtubules from PtK2 cultured cells was
not significantly different from the kinetics of binding to in
vitro assembled MAP-containing microtubules.

DISCUSSION

Kinetics and Thermodynamics of Binding of Taxol and Flu-
orescent Taxoids to Microtubules—Because the exact kinetic
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TaBLE IV
Kinetic constants of fluorescent taxoid binding to (k. 4, k. 5) and dissociation from (k_,, k_,) MAP-containing microtubules in AB
32°C 35°C 37°C 39°C 42°C
Flutax-1 ko (X10°M s 1.54 +0.08 1.98 = 0.07 2.28 + 0.10 2.62 + 0.03 3.18 = 0.08
k(57 0.19 = 0.29 0.36 = 0.31 0.61 = 0.19 0.90 = 0.10 1.06 = 0.20
Eoo(s™ 1.29 = 0.17 1.99 + 0.56 2.37 +0.15 2.60 = 0.15 3.16 = 0.10
Flutax-2 ko (X10°M s 2.69 + 0.23 2.73 = 0.09 3.29 + 0.19 3.97 + 0.81 5.64 = 0.46
k_y(s7h 0.13 = 0.29 0.30 = 0.07 0.44 + 0.31 0.56 = 0.21 0.83 = 0.72
k.o (s™h) 1.74 £ 0.14 2.10 + 0.24 2.47 + 0.70 2.65 + 0.62 3.06 = 0.51
° 25 °C 30 °C 35 °C 37°C 40 ° °
(Xx1072s7h (x107%2s7h (x107%2s7h (x107%2s7h (X1072s7h (x107%2s7h (X1072s7h
Flutax-1 k_q 0.36 = 0.04 0.72 = 0.07 1.45 = 0.02 2.77 = 0.20 4.21 = 0.10 5.67 = 0.20 6.23 = 0.20
Flutax-2 k_y 0.49 = 0.04 1.04 = 0.05 1.40 = 0.03 2.10 = 0.15 2.34 = 0.10 3.96 = 0.30 4.07 = 0.20
TABLE V

Thermodynamic parameters of binding of Flutax-1 and Flutax-2 to its site in microtubules assembled from microtubule protein in AB

Flutax-1 Flutax-2 Flutax-1 Flutax-2
Ea, kJ mol ! 58 =2 61 = 12 Ea, kJ mol ! 69 9 45+ 3
Ea_, kJ mol ! 142 = 19 145 + 16 Ea_,kJ mol ! 103 = 3 76 = 45
AH, kJ mol * -84 +19 -84 = 20 AH, kJ mol * —-34 12 -31*6
AS,; Jmol *K*! —151 = 58 —154 £ 91 AS,J mol 'K ! —55 £ 25 —52 *+ 29
AH,  kJ mol ! —-119 = 22 —-115 £ 21
AS,,, J mol 'K ! —206 *= 63 —206 *= 96

Fic. 6. Representative images of
the time course of 200 nm Flutax-2
binding (A-D) to cytoskeletons of
PtK2 interphase cells. A, 0-s incubation
in Flutax-2; B, 30-s incubation; C, 1-min
incubation; D, 10-min incubation. The bar
represents 10 um. E, time course of the
averaged fluorescence intensity of cy-
toskeletons of interphase PtK2 cells upon
incubation with 200 nMm Flutax-2. F, time
course of averaged fluorescence intensity
of cytoskeletons of interphase PtK2 cells
upon incubation with 1 um Flutax-2. The
nonspecific fluorescence measured with
50 um docetaxel (19 arbitrary units on
average) has been subtracted from the
data. The solid lines are the best fitting to
a single exponential curve.

mechanism of Taxol binding to microtubules is unknown, it had
to be assumed that it consists of a single-step reaction in order
to calculate the thermodynamic parameters (Table II), which
have to be considered with this caution. Nevertheless, the
linearity of the Arrhenius plots (Fig. 24) and the compatibility
of the kinetic data with the equilibrium measurements suggest
that a single reaction (or a first step of a two-step reaction) is in
fact being observed. The apparent reaction profile of Taxol
binding is similar to the first step of Flutax-1 and Flutax-2
binding (not shown; see Ref. 35). This strongly supports the
idea that this step mainly corresponds to the binding of the
Taxol moiety of the fluorescent derivatives. It has to be pointed
out that the activation energy of the binding of Taxol is lower,
indicating a easier entrance of the smaller ligand to its site.
The free energy of the binding of Taxol at 37 °C is around —45
kJ mol !, compatible with a predicted value AG = —48 kJ
mol ' (53). The binding reaction of Taxol is endothermic, which
explains why Taxol induces microtubule assembly at low tem-
peratures, because the binding compensates for the decrease in
the free energy of assembly (the extrapolated binding affinity of
Taxol at 4 °C is 7.6 X 10® M !, so it may contribute to the

140

0 100200300400500600
time (s)

Fluorescence (Arbitrary Units)

0 10 20 30 40 50 60
time (s)

overall assembly-binding linked process with —47 kJ mol 1).
In a diffusion-controlled reaction, the binding rate of a small
ligand to an accessible site in a relatively immobilized molecule
depends on the diffusion coefficient of the ligand and also on
the efficiency of the collisions. The diffusion constant of Taxol is
20% larger than those of Flutax-1 and Flutax-2. Because
Flutax-1, Flutax-2, and Taxol compete for the same site and the
surface areas of Flutax-1 and Flutax-2 are 40% larger than that
of Taxol, assuming that the effective surface for binding is the
same, the efficiency of collision is expected to be 1.4 times
larger for Taxol. The combination of the larger diffusion con-
stant with better collision efficiency renders an expected ki-
netic rate of association 1.7 times larger for Taxol than for
Flutax-1 and Flutax-2 (if the reaction is diffusion-colliding
controlled and the observed step is the binding of the Taxol
moiety of the molecule). The observed ratio is larger, which
implies lower efficiency than expected for Flutax. There are two
possible reasons for this, the first one is that Taxol and Flutax
might have to pass through a pore of a restrictive size. Because
their sizes are different, the flux of Taxol through the pores
would be larger. However, this does not explain the dependence
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Fic. 7. Representative images of
time course of Flutax-2 dissociation
(A-E) from PtK2 cytoskeletons in the
presence of 13.3 uM docetaxel. A, 0-s
incubation; B, 30-s incubation; C, 1-min
incubation; D, 4-min incubation. The bar
represents 10 um. E, time course of aver-
aged fluorescence intensity of cytoskel-
etons of interphase PtK2 cells labeled
with Flutax-2 upon incubation in 13.3 um
docetaxel.

on temperature observed (k,.; (Taxol)/k,, (Flutax-2): 25 °C
11.5,30°C 7.3, 35 °C 5.2, 37 °C 2.6, 40 °C 2.7), unless the pore
size is temperature-dependent. In addition, diffusional flux
through a pore of a size similar to those of the ligands in the
microtubule wall (31) will not allow the binding reaction at the
observed kinetic rate (35). A second, more feasible explanation
is that the fluorescein moiety is hindering the binding of the
Taxol moiety, perhaps by collapsing over it, as suggested by the
small difference in the Stokes radii of Flutax and Taxol (8 and
7 A, respectively). The activation energy of the first step of the
binding of Flutax is larger than that of Taxol. This increase
may indicate the existence of active and inactive conformations
of Flutax. Such conformational equilibrium, if fast enough, will
not alter the observed kinetic mechanism but only reduce the
observed rate constant. If this equilibrium is influenced by the
temperature, this will also explain the differences in the meas-
ured activation energy of the observed reaction.

The Location and Access of the Taxol-binding Site of Micro-
tubules; Contradiction between Structural Models and Kinetic
Results—Early low resolution microtubule models (45, 54)
placed the Taxol-binding site at the interprotofilament space of
microtubules. A compatible location was observed in a projec-
tion difference map of zinc-induced tubulin sheets at 6.5 A
resolution (55). Such location of the binding site would be
compatible with the presently established fact that taxoids are
able to access their binding site very rapidly. But since the
three-dimensional high resolution model of microtubules ap-
peared (31), one apparent contradiction showed up. The bind-
ing site of Taxol, one of the most effective drugs in favoring
microtubule assembly, was mapped into the lumen of the tube,
hidden from the outer solvent. It was suggested that rapid
luminal access could occur via fenestrations in the microtubule
wall (31). The three-dimensional structure of tubulin dimer,
the location of the Taxol-binding site in the tertiary structure of
B-tubulin, and the alignment of dimers to form protofilaments
(23, 25, 27, 56-58) are all together hardly questionable. How-
ever, the association rate constants of the fluorescent deriva-
tives of Taxol, Flutax-1, and Flutax-2 to the Taxol-binding site
of microtubules, in the order of 106 M~ ! s~ !, have been shown to
be quantitatively incompatible with these ligands entering
through the open microtubule ends or through fenestrations in
the microtubule wall of 25 A diameter (33-35). A simple way to
place the Taxol-binding site of B-tubulin near the microtubule
surface, i.e. a large rotation of the protofilament that would be
needed in order to expose Taxol to the outer solvent (see Fig. 10
in Ref. 35), has been shown to be incompatible with several fits
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of the same tubulin structure into microtubules performed with
different microtubule density maps and fitting strategies (30,
31, 59). The current microtubule models indirectly account for
the well known fact that Taxol has negligible affinity for iso-
lated aB-tubulin dimers but high affinity for microtubules or
zinc-induced sheets (51, 60—62), through the contacts made by
the M-loop (31, 63—64).

The results of the present work prove, we believe beyond any
reasonable doubt, that Taxol binds to microtubules at a site
which is directly accessible from the bulk of the solution. (i) The
association rate of Taxol to microtubules is slightly faster than
those of the rapidly binding fluorescent derivatives. (ii) The
association of the fluorescent taxoids has been shown to be
diffusion-controlled and significantly slowed down by MAPs,
known to bind at the microtubule surface and to reduce the
microtubule dynamics. (iii) The study has been extended to
native microtubules prepared from cultured cells, which bind
fluorescent taxoid at a similarly high rate, indicating an
equally accessible Taxol-binding site, although it should be
noted that microtubule cytoskeletons from cultured cells and
microtubular protein have typically different tubulin isotypes,
post-translational modifications, and MAPS (51). In addition,
although the electron micrographs of microtubules assembled
in vitro from pure tubulin typically show many areas in which
the tube is open, which in principle provides a better access of
the ligand through these areas, the labeling of the Ptk2 cell
microtubules by the fluorescent taxoid is spatially homogene-
ous, indicating that all parts of the microtubules are equally
accessible.

Very recently it has been argued that the fenestrations in the
microtubule wall allow the passage of Taxol for binding at the
microtubule lumen (65). However, the relevant issue here is not
whether the fenestrations may eventually allow the ligand to
squeeze in, but whether the ligand diffusion through them can
be rapid enough to account for the fast binding observed. We
previously discarded ligand passage through the holes (35)
because at that time the size of the observed fenestrations in
microtubule walls was roughly 10 A (66), smaller than the 15 A
shortest dimensions of Flutax and Taxol. Let us now reexamine
this possibility in view of the refined structure of tubulin
dimers (23), the 14-A microtubule map (30), the 8-A microtu-
bule map (65), and an independent model of microtubule struc-
ture (59). Fig. 8 shows a comparison of the dimensions of the
taxoids used in this work with the fenestrations in a model
microtubule wall. The size of the pores is comparable with the
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FiG. 8. Pores in the microtubule surface. van der Waals repre-
sentation of the outer surface of a fragment of a high resolution micro-
tubule model (55). For a comparison of the sizes of Flutax, Taxol, and
the pores, the ligands are represented at the same scale in three
different projections; orange beads indicate Flutax, and white beads
indicate Taxol.

shortest dimension of the ligands; therefore, these pores should
strongly restrict ligand diffusion through them.

To make an estimation of the order of magnitude of the
maximum kinetic rate of binding of Taxol to a luminal micro-
tubule site, it is convenient to divide the process into three
steps with different factors whose product gives the rate con-
stant: (a) the diffusion-limited ligand-microtubule encounter,
(b) the efficiency of passage through the pores, and (¢) the
efficiency of productive collisions with the luminal binding site.

(a) For diffusion-limited ligand collision with microtubules, a
maximum estimation for the rate constant value for a bimolec-
ular reaction between Flutax and tubulin assembled in micro-
tubules is 6.4 X 107 M~ ! s~ ! under our experimental conditions
(see Equation 3 in Ref. 35). Note that due to the association of
the tubulin subunits into an aggregate, this is smaller than the
~4 % 10° M~ ! s~ ! value that can be estimated as a hypothetical
diffusion limit for the binding of Taxol to unassembled tubulin
(67). The frequency of collision of a small molecule with a large
aggregate depends on the diffusion coefficient of the small
molecule and the radius of collision, which can be approxi-
mated by the effective radius of the aggregate. The decrease of
the rate of collision with the number of subunits in several
polymers can be calculated by means of classical approaches
(67, 68). In order to obtain the collision rate of the ligand with
the subunit in the aggregate, the collision rate with the aggre-
gate has to be divided by the number of subunits. The effective
radius of the aggregate divided by the number of subunits is
not constant but markedly decreases with the size of the ag-
gregate, at a rate that depends on its geometry. Therefore,
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polymerization results in a decrease of the diffusion limit of the
bimolecular rate constant of ligand binding per subunit (see
Fig. 10 and “Appendix”).

(b) Regarding the efficiency of ligand passing through micro-
tubule pores, in order to match the experimental association
rate constant of 1.4 X 10 M~ ! s7! (35) with the 6.4 X 107
M 's™1 diffusion limit, 2.2% of effective collisions between
Flutax and microtubules is required. Similarly, 5.1% of effec-
tive collisions of Taxol with microtubules is needed to match
the measured rate constant of 3.6 X 10 M 1 s ! (see “Results”).
A collision efficiency of 2-5% would be reasonable for taxoid
binding at the microtubule surface, accounting for the percent-
age of surface area of microtubules forming the binding inter-
face (35). The minimum pore sizes that may provide efficiencies
in this range for ligand passing through them can be estimated
from simple geometrical calculations of effective surface and
angle of passage (35). For example, a 32 (diameter) X 30-A
(deep) cylindrical pore (which is of a size nearly comparable
with a tubulin monomer) would allow 2.2% of successful colli-
sions of a Flutax-equivalent 16-A diameter sphere, resulting in
ligand diffusion into the microtubule lumen. A 30-A deep trun-
cated and cone-shaped pore with 20-A inner diameter and 32-A
outer diameter would lead to 1.9% of successful collisions. A
more realistic (65) pore of truncated cone shape, say 30 A
(deep) X 17-A inner diameter and 20-A outer diameter, would
have an efficiency of only 0.08% successful collisions, yielding a
diffusion limit to the association rate constant of 5 X 10* m~*
s~ 1, which is 2 orders of magnitude smaller than the observed
value.

(¢) Due to the efficiency of collision with the binding site,
accounting in each of the above cases for the orientation and
kinetic energy factors of the collision of the internalized ligand
with the luminal binding site will further reduce the effective
rate constant by order(s) of magnitude (69, 70). Therefore, in
order to allow the ligand flux required to account for the ob-
served binding reaction, the openings in the microtubule wall
would have to be totally non-restrictive, i.e. much larger than
the ligands. Otherwise the low efficiency of ligand passing
through the pores reduces the kinetic rate of binding by several
orders of magnitude below the experimentally observed value.
Such non-restrictive openings are certainly larger than the
pores in the model of Chacén and Wriggers (17 A (59); Fig. 8) or
in the electron microscopy maps of Meurer-Grob et al. (30)
(about 15 by 25 A) and Li et al. (65) (~17 A). This analysis
shows that it is not possible for Taxol to passively diffuse
through the presently known microtubule fenestrations rapidly
enough to bind at a luminal site at the observed rate.

In summary, the puzzle remains of how taxoids bind so
rapidly to an apparently inaccessible model binding site at the
microtubule lumen. We offer and analyze three hypotheses to
potentially reconcile the fast kinetics of Taxol binding with a
Taxol-binding site at the microtubule lumen. (i) The Taxol-
binding site is exposed in unliganded microtubules, but it is
buried following Taxol binding. (ii) The microtubule inside
dynamically opens to the solvent so that the lumen is not a
separate solution compartment. (iii) There is an initial Taxol-
binding site (or channeling) at the microtubule surface that
facilitates its transport into the lumen.

Does the Taxol-binding Site Become Inaccessible After Bind-
ing?—It might be conceivable that the Taxol-binding site is
exposed in unliganded microtubules but buried in the Taxol
bound ones. When Taxol binds rapidly to microtubules, they
are known to undergo a slow conformational change entailing
the loss of one protofilament on average (33), which may as well
internalize the binding site. This type of binding mechanism is
formally equivalent to Equation 1 (Introduction). Although this
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hypothesis may appear as an easy explanation, there are sev-
eral lines of experimental evidence against it. First, the wall
structure of Taxol-induced microtubules is similar to that of
drug-free microtubules at 30-A resolution (54), except for the
change in the number of protofilaments. Second, the binding of
docetaxel, a side chain analog of Taxol, does not induce this
diameter change in microtubules, indicating that the Taxol-
induced change is restricted to the rearrangement of the sub-
units to compensate for the loss of one protofilament (33, 45).
Third, both 14-A resolution electron cryomicroscopy maps of
microtubules stabilized by GMPCPP and by docetaxel have
similar fenestrations (30).

Does Taxol Bind to an Internal Site via Large Dynamic
Openings in the Microtubule Wall?—The hypothesis that Taxol
accedes to its binding site via openings or defects in the micro-
tubule wall was considered in our early publication (Fig. 7D in
Ref. 33) and by Nogales et al. (31) to justify the fast binding.
Two causes that might in principle contribute to the formation
of such large pores, in the size range of tubulin monomers, are
as follows.

(@) In the refined structure of tubulin at 3.5-A resolution (23),
several features involved in protofilament interactions in the
microtubule (the M-loop and the loop between H1 and S2) have
been retraced, and a Zn?" ion has been found interacting with
the M-loop of the a-subunit of tubulin. This ion should distort
the natural lateral interaction between protofilaments, so that
tubulin assembles into zinc sheets instead of microtubules.
Because the microtubule models have been constructed using
the tubulin dimer structure obtained from these zinc-induced
sheets, the real lateral interactions between the tubulin dimers
in microtubules, which have no zinc bound, should be different,
and fenestrations larger than in the models might exist. The
electron microscopy structure of Taxol-stabilized microtubules
at 8 A resolution (65) indicates a large reorganization of the
Taxol-binding site with respect to the electron crystallographic
structure of tubulin zinc sheets, including helix H6 and the M
loop. There is a density in the averaged «- and B-tubulin mon-
omer that corresponds to part of the regions occupied by Taxol
in the B-tubulin structure and the B9-B10 peptide loop in
a-tubulin, which is apparently backed by holes of comparable
size (see Figs. 6B and 9A in Ref. 65). However, the fenestration
size is still restrictive, not allowing ligand passage at the re-
quired kinetic rate (see above).

(b) The interprotofilament contacts in the microtubules may
be so weak that large openings might be continuously appear-
ing and closing in the microtubule wall. Lattice defects such as
longitudinal shifts between protofilaments and changes in the
number of protofilaments within single microtubules have been
observed by cryo-electron microscopy, suggesting the weakness
of the interprotofilament contacts (71-73). If such openings
were not periodical, they would not be easily observed in elec-
tron micrographs of microtubules without Taxol bound.

This explanation would be supported by the observation that
microtubules are able to rapidly change the number of their
protofilaments in response to taxoid binding (33). Even if cross-
linking of microtubules would stabilize these interprotofila-
ment contacts, microtubules would probably be frozen by fixa-
tion in a given situation, which would not affect the kinetics of
the reaction, because the openings would be frozen. On the
other hand, interprotofilament contacts would be expected to
be stabilized by the presence of MAPs, which slow down the
binding reaction and are known to block the ligand-induced
changes in the number of protofilaments (54). Because these
contacts would be stabilized as well by the taxoids, the taxoid
off-rate could be similar in both types of microtubules, as
observed.

Kinetics of Taxol Binding to Microtubules

In this way it might be possible that large holes open and
close in the microtubule wall, resulting in a non-restrictive
pore, so that the lumen ceases to be a separate chemical com-
partment. From a kinetic point of view, this is equivalent to
adding a monomolecular pre-equilibrium step before the bimo-
lecular binding event in the scheme of Equation 1 (Introduc-
tion), consisting of the conversion of inactive (closed) into active
(open) binding sites. For this equilibrium to have passed unde-
tected in the kinetic analysis of taxoid binding, it would have to
be either extremely slow or have a rate constant k2, more than
10-fold larger than the next step, that is 2, = 10-k;:[ligand],
which from typical values (35) is in the order of k, = 100 s~ *.
The hypothesis is not supported by the fact that the presence of
a larger percentage of open areas in cross-linked frozen and
melted microtubules results in the same kinetic rate of binding
as in non-frozen ones. In addition, differences in the tubulin
isoforms and post-translational modifications, between tubulin
from brain and from cultured cells (51), which are known to
affect the stability and dynamics of the microtubules (74, 75),
are not reflected in the kinetics of binding of Flutax-2. This
hypothesis of dynamic openings of non-restrictive size for li-
gands may be tested measuring the accessibility of the Taxol-
binding site to macromolecular probes, whose size would
hinder entering the microtubule lumen even through such
holes.

These openings would not correspond to the so-called “seam”
of the microtubules, because microtubules with the 3-start
helix, B-lattice, and 13 protofilaments, which are the majority
in the conditions of the study, do not have a seam (52, 73) and
would be expected to bind taxoids at a slower rate. Control
experiments in which the cross-linked microtubules stained
with Flutax-2 were observed both by fluorescence and phase
contrast showed that all microtubules were immediately
stained after Flutax-2 addition. Even more, because transitions
in the number of protofilaments within a single microtubule
are common (73), it would be expected that dark and bright
areas would be observed, which is not the case (see Fig. 1,
Ref. 44).

Does Taxol Bind to an External Microtubule Site Before
Binding at the Lumen?—The calculations above and even a
simple visual inspection of the molecular models shown in Fig.
8 suggest the following: (a) for the ligand molecules randomly
impinging onto the microtubule wall due to thermal motion,
the statistical mechanical efficiency of passing through the
model pores must be very low; (b) the ligand molecules hitting
the holes should experience repulsive or attractive local inter-
actions. It may not be totally unrealistic to hypothesize that
some of them may fit and reside for some time into the pores.
This last hypothesis is the same as binding to an initial exter-
nal site in microtubules, which may facilitate transport to the
luminal site. In this hypothetical mechanism, binding to the
external and luminal sites should be mutually exclusive, be-
cause only 1.0 Taxol or Flutax molecules bind per tubulin
dimer (12, 35), and Taxol or docetaxel prevents the binding of
Flutax (35, 44). This could be accomplished if both sites shared
an element that switches between the two alternative modes of
binding.

This mechanism is identical to the one presented in Equation
1 (Introduction) at the resolution of the kinetic methods em-
ployed, substituting the second step by the ligand exchange
from the first into the second site (Equation 4).

k+1 k+2
site + Taxol = sitel — Taxol — site2 — Taxol
k_y k_y

(Eq. 4)

Flutax might be able to bind at the external site and then be
internalized, in which case the second step of Flutax binding
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Fic. 9. Insight of the outer and inner surface (A and B) of a high
resolution microtubule model (55) showing two different types of pores,
I and II (see text). Green beads, polar residues; yellow beads, hydropho-
bic residues; red beads, acid residues; blue beads, basic residues; white
beads, Taxol bound at its site; gray beads, nucleotide. C, detail of a type
I pore viewed from above. Ribbon representation of two neighbor B-tu-
bulin subunits as seen from the plus end of the microtubule; Taxol,
GDP, and the four residues forming a putative taxoid-binding site are
shown in van der Waals representation.

would correspond to ligand internalization, or it may be steri-
cally or otherwise hindered from internalization, in which case
the second step would correspond to the binding of the fluores-
cein moiety at the microtubule surface. Both cases are kineti-
cally equivalent for our experimental set up, in which the
second step is a structural rearrangement that restricts the
conformational freedom of the fluorescent moiety of Flutax
resulting in the observed increase of the fluorescence anisot-
ropy of the probe (35).

A conformational change after Taxol binding will probably
alter the interprotofilament contacts resulting in alterations of
the number of protofilaments as observed (33, 35, 45, 54); the
large fluorescent moiety of Flutax probably interacts as well
with residues close to the interprotofilament space resulting
into even larger modifications in the number of protofilaments
(35). The Taxol-binding site ligands sarcodyctin, epothilone B,
and eleutherobin have related effects in the number of proto-
filaments of microtubules (30) suggesting a similar mechanism
of binding.

Let us analyze which pores and which elements of the mi-
crotubule wall may take part in the Taxol binding process. As
shown in Fig. 9, the microtubule outer surface near the pores
(Fig. 9A) appears generally to be less hydrophobic than the
luminal surface (Fig. 9B). Microtubules have mainly a type B
lattice (76-79) with two different types of pores (Fig. 9, A and
B). In type I pore the B-subunit is at the lower part of the pore
(with the microtubule oriented with its plus end upwards), and
the luminal Taxol-binding site is closer to the pore than in type
II pore, where the a-subunit is at the lower part of the fenes-
tration. Looking from the outside (Fig. 9A), a main chemical
difference between both types of pores is located at the loop
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Fic. 10. Dependence of the collision rate between a small mol-
ecule and a protein polymer on the size of the polymer. Solid line,
microtubules; dashed line, linear aggregate; dotted line, hollow spher-
ical aggregate.

between helix H6 and H7, consisting of residues 214-223,
which is at the left lower part of the pore. The Leu-217 and
Leu-219 B-tubulin residues make hydrophobic contact with the
2-benzoyl ring of Taxol in the zinc sheets (23). This loop has
also been proposed to take part in the lateral contacts between
the protofilaments (30, 31). The loop is more charged in the
a-subunit (5 charged residues of 10) than in the B-subunit (2
charged residues of 10). It forms a prominence into the pore
with an acid part and a basic part in the type II pore, whereas
in the type I pore it has a hydrophobic part (Phe-214, Leu-215,
Leu-217, Leu-219, and Pro-222) (which corresponds with the
acid part in the a-subunit) and a polar part (Thr-220 and
Thr-221) (which corresponds to the basic part in the a-subunit)
(Fig. 9, A and B). Mutations that introduce charged residues at
this loop of the B-subunit (L215H, L217R, L219R) conferred
Taxol resistance, whereas a conservative mutation L217F re-
sulted in a Taxol-dependent cell line (57, 58). It is conceivable
that the H6-H7 loop of B-tubulin could adopt different confor-
mations in Taxol-free microtubules, presenting a binding sur-
face that may be part of the initial Taxol-binding site. Let us
now examine a possible way in which a Taxol molecule may
bind to the H6-H7 loop from the outside of the microtubule.
Three parts can be distinguished in the so-called hydrophobi-
cally collapsed conformation of taxoids, which is suggested by
NMR analysis to be the dominant contribution to the confor-
mational average in aqueous solution and is distinct from the
proposed microtubule-bound conformations (80) (see Fig. 5 in
Ref. 80; Fig. 1A in Ref. 81): (i) the hydrophobic cluster formed
by the 2-O-benzoyl, 3’-phenyl, and 4-O-acetyl groups; (ii) a
more hydrophilic zone that includes the polar groups of the side
chain at C-13; and (iii) the part that contains the non-essential
substituents at positions C-7 and C-10. A more detailed insight
into the type I pore (Fig. 9C, looking from above) shows that the
side chains of residues Phe-214, Thr-220, Thr-221, and Pro-222
form an almost equilateral triangle of 7 A side with hydropho-
bic vertexes in Phe-214 and Pro-222 and polar vertex in the
threonines. This distance of 7 A is very similar to the sides of
the triangles formed by the 2-OH group of Taxol and any two of
the three phenyl groups of the hydrophobic cluster. It is tempt-
ing to speculate that the hydrophobic cluster of Taxol may
initially bind to the hydrophobic residues of the H6-H7 loop,
with the threonines at the right distance to interact with the 1’
and 2’ oxygens and/or the 3’ carbamate group of the C-13 Taxol
side chain. Note that a free 2'-OH group is essential for the
recognition of taxoids by microtubules (81).

Loop H6-H7 is flanked by Gly-225, which might be an excel-
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lent hinge point for a conformational transition. The molecular
flexibility of tubulin in the presence and absence of Taxol has
been studied using normal mode analysis (82). This conforma-
tional analysis has pointed at threonines 220 and 221 among
the most flexible residues of the B-subunit, showing large dif-
ferences in flexibility against their counterparts in the a-sub-
unit. In the recent structure of microtubules at 8 A, the most
prominent difference from the zinc sheets is the loss of density
and contacts of helix H6 and the H6-H7 loop, suggesting that
this region may be flexible in the microtubule (65). In the
hypothetical mechanism of facilitated transport of Taxol, the
H6-H7 loop would be a lid that swings the ligand from the pore
into the luminal binding site.

It should be noted that in this hypothesis the external Taxol-
binding site is directly conformed by the microtubule pores,
which are not present in tubulin dimers or in linear oligomers.
This type of mechanism would have profound implications for
microtubule structure and anti-cancer drug design, because the
different types of Taxol-mimetic compounds (13-16) and even
different taxanes could have preferential affinity for the first or
second Taxol-binding sites. The hypothesis may be scrutinized
by means of advanced stopped-flow kinetic methods. For exam-
ple, because the second step of Flutax-1 and Flutax-2 binding is
much slower than the first step, it could be possible to trap the
possible intermediate species in the reaction, by using a probe
that binds quickly to the fluorescent moiety of the ligand, such
as an antibody that quenches the fluorescence, and will allow
the comparison between the exposure of the fluorescein group
in the intermediate state and that of the final bound state. If
this hypothesis is correct the kinetics of binding of the antibody
to the intermediate state would be significantly different from
that of binding to the end state.

This hypothesis and the preceding one, speculative as they
are, constitute the two explanations we have thought may
reconcile the observed fast kinetics of Taxol binding with the
current microtubule models. Unequivocally mapping Taxol,
fluorescent taxoids and possible reaction intermediates, in the
structure of microtubules (instead of the zinc sheets) would
illuminate this problem.
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APPENDIX

For the decrease of ligand collision rate by protein polymer-
ization, the collision rate of a small ligand with different pro-
tein assemblies can be calculated as described (67), neglecting
the diffusion coefficient of the large molecule or polymer and
introducing modifications that account for the polymer geome-
try (68).

For the case of a hollow spherical polymer, the colliding rate
of the ligand per assembled subunit (& .,; (M~ ' s™1) can be
approximated by Equation Al,

4-mR-D-1000-Na

" (Eq. A1)

koicon =
where R is the radius of the sphere in meters; D is the diffusion
constant of the ligand (in m? s 1); Na is Avogadro’s number;
and n is the number of subunits. For a hollow sphere the
surface is linearly related to the number of subunits, S = an,
where a is the exposed collision surface of each subunit. Be-
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cause the radius of a sphere is r = (S/4-m)2, by substituting
into Equation Al, it can be calculated that the dependence of
k. .on With the number of subunits is as shown in Equation A2,

\4ma-D-1000-Na

Ricon = Eq. A2
+coll \/’; (q )

and Equation A3,

k. .on(assembled) 1

—_—— =—F Eq. A
Fraifree)  \n (Fa- A3)

as it is indicated by the dotted line in Fig. 10.

A linear oligomer can be approximated by a long ellipsoid
(68), where the colliding rate per subunit becomes (Equation
A4),

2-mL+D-1000-Na

kicon = 7N
Ln<7> ‘n
r

where L is the length of the ellipsoid, and r is its small semi-
axis. Because r is constant and L = b'n, where b is the longi-
tudinal spacing between subunits, the dependence of %, .
with the number of subunits (Equation A5) is

(Eq. Ad)

A B 2:1mb-D-1000-Na
teoll ™ Tn(n) + Ln(b) — La(r)

(Eq. A5)

which decreases as shown by the dashed line in Fig. 10.

A helical polymer can be approximated as the linear oligomer
except for the fact that L = b-n/t, where t is the number of
subunits per turn. The dependence of &, .,;; on the number of
subunits is shown in Equation A6,

b 2:mb-D-1000-Na
Feoll ™ t.Ln(n) + Ln(b) — Ln(r) — Ln(t)

(Eq. A6)

This is illustrated for the case of a 12-protofilament micro-
tubule (b = 8 nm, r = 11.1 nm, ¢ = 12) by the solid line in Fig.
10, where the upper abscissa scale shows the microtubule
length. It is concluded that for relatively compact polymers
(spheres and microtubules), made of a few thousands subunits,
the collision rate of the small ligand with an assembled subunit
decreases by nearly 2 orders of magnitude with respect to the
free subunit.
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