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ABSTRACT: A fluorescent derivative of paclitaxel,-Bl-m-aminobenzamido-3aN-debenzamidopaclitaxel
(N-AB-PT), has been prepared in order to probe paclitarg@trotubule interactions. Fluorescence
spectroscopy was used to quantitatively assess the association of N-AB-PT with microtubules. N-AB-PT
was found equipotent with paclitaxel in promoting microtubule polymerization. Paclitaxel and N-AB-PT
underwent rapid exchange with each other on microtubules assembled from GTP-, GDP-, and GMPCPP-
tubulin. The equilibrium binding parameters for N-AB-PT to microtubules assembled from GTP-tubulin
were derived through fluorescence titration. N-AB-PT bound to tyy@sof sites on microtubulesK(,

=61+ 7.0 nM and K = 3.3+ 0.54uM). The stoichiometry of each site was less than one ligand per
tubulin dimer in the microtubulen{ = 0.81 + 0.03 andn, = 0.44 £+ 0.02). The binding experiments

were repeated after exchanging the GTP for GDP or for GMPCPP. It was found that N-AB-PT bound to
a single site on microtubules assembled from GDP-tubulin with a dissociation constant -6f 229

uM, and that N-AB-PT bound to a single site on microtubules assembled from GMPCPP-tubulin with a
dissociation constant of 1k 4.0 nM. It therefore appears that microtubules contain two types of binding
sites for paclitaxel and that the binding site affinity for paclitaxel depends on the nucleotide content of
tubulin. It has been established that paclitaxel binding does not inhibit GTP hydrolysis and microtubules
assembled from GTP-tubulin in the presence of paclitaxel contain almost exclusively GDP at the E-site.
We propose that although all the subunits of the microtubule at steady state are the same “GDP-tubulin-
paclitaxel”, they are formed through two paths: paclitaxel binding to a tubulin subunit before its E-site
GTP hydrolysis is of high affinity, and paclitaxel binding to a tubulin subunit containing hydrolyzed
GDP at its E-site is of low affinity.

Paclitaxel {, Figure 1), first reported by Wani et al. in
1971 (), emerged rapidly from being a laboratory curiosity
in the 1970s and 1980s to a drug of major clinical importance
in the 1990s. It is currently approved by the Food and Drug
Administration for the treatment of breast and ovarian cancers
and for AIDS-related kaposi's sarcoma and is also used or
under investigation for the treatment of a wide variety of
other cancers?). It is presently one of the largest selling
anticancer drugs in history, with annual sales by Bristol-
Myers Squibb of approximately $1 billion, and its semisyn-
thetic analogue docetaxel (Taxotere) is also in clinical use.

The bioactivity and mechanism of action of paclitaxel have
been extensively investigate8-5). Initially discovered on

R;
the basis of the antileukemic and cytotoxic activitieg akus ’
brevifolia extracts {), paclitaxel itself was found to be both R1,R2R3=H Paclitaxel
strongly cytotoxic to mammalian cancer cells and also R1,R3=H,R2=NH; N-AB-PT

antileukemic ). A major breakthrough in understanding its R1.R3 =F, R2 =H 2-Dif-PT

mechanism of action at the molecular level came in 1979 FIGURE 1. Structures of paclitaxel, N-AB-PT, and 2-DiF-PT.

with the report by Horwitz of its ability to promote the significant mechanism of action, with apoptotic cell death
assembly of tubulin into microtubule§)( The binding of following mitotic arrest by an unknown mechanism. In recent
paclitaxel to tubulin polymers and the associated interruption years, however, it has been increasingly clear that paclitaxel
of the cell cycle were thought for a long time to be its only or docetaxel can bring about apoptotic cell death by other
mechanisms that appear to be independent of mitotic arrest
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tubules under conditions that are normally prohibitive (low pared by semisynthesis as described previous$; @0.
protein concentrations and low temperatures), stabilizesPaclitaxel was a gift from the late Dr. Matthew Suffness
microtubules against disassembly, and causes bundling of(National Cancer Institute).

the polymers?). It is now thought that the more significant GTP (sodium salt, type 1I-S) and GDP (sodium salt, type
property of paclitaxel is its effect on microtubule dynamics. |) were purchased from Sigma. GMPCPP [guanyly{®,3-
Paclitaxel, vinblastine, cryptophycin, and colchicine have methylenediphosphonate)] was prepared from GMRGR (
been shown to affect the dynamic properties of microtubules methyleneguanosiné-Biphosphate, sodium salt, from Sigma)

at concentrations far below those required to affect the bulk following the procedure described by Vulevic and Correia
properties of the microtubule. The effects on dynamics also (21).

appear to be related to drug concentration. At very low p|pgs (free acid), EGTA, MgSQand Sephadex G-50
concentrations of paclitaxel, catastrophic disassembly of the(ﬁne) were purchased from Sigma. The buffers used were
plus end is suppressed while assembly is maintained. At5q follows: PME buffer: 100 mM PIPES. 1 mM MgSQ
higher paclitaxel concentrations, both loss and rescue areq,v EGTA pH 6.9; PMEG buffer: PME E)uffer containing
suppressed5( 12, 13. 0.1 mM G'i’P_ ,

The affinity of paclitaxel for tubulin has been difficult to Tubulin Purification and Ligand QuantificatiorBovine
measure with precision. Paclitaxel associates with polym- p.in v hulin. free of microtubule-associated proteins, was

erized tubulin with a maximum stoichiometry of 1 mol of prepared by two cycles of temperature-dependent assembly

paclite_txel/mol of wbulin in the microtubule14)_. MOSt_ disassembly followed by phosphocellulose chromatography
investigators have found no evidence that paclitaxel binds (22) and stored in liquid nitrogen. Prior to use, tubulin was

to unassembled tubulin, although association between the ently thawed, centrifuged at 50§€r 10 min at 4°C, and

certain circumst'ances.!ﬁ). l\/_leasuremer]t of the gssociation of tubulin and GDP-tubulin were determined spectrophoto-
constant of paclitaxel for microtubules is complicated by the ,otically, using extinction coefficients of tubulin in PME
fact that ligand binding and tubulin assembly are thermo- |, e [e278 o= 1.23 (mg/mLY™ cm* for GTP-tubulin 3)
dynamically I|r_1ked @6)_. Caplow et al. were able to estimate andezzg nm= 1.12 (mg/mL)* cm* for GDP-tubulin 4)].

an apparent dissociation constant (15 nM) féf]paclitaxel The concentrations of N-AB-PT and paclitaxel were also

binding to microtubules frorr_1 k|n.et|c measurements using determined spectrophotometrically using extinction coef-
preassembled GMPCRRibulin microtubules 7). Han et ficients of N-AB-PT ¢ — 208 x 10 M- et in
- - 320 nm — 4.

al. used a fluorescent derivative of paclitaxel, 2-AB-RT ( . _ P
Figure 1), to measure the dissociation constant between the2MSO) (L9) and paclitaxeldozs im= 2.79x 10*M™* cm

paclitaxel analogue and assembled tubuli®) (The binding n ethanol_) 15). L .
curve generated from the fluorescence data indicated the Nucleotide Exchange and Quantification. (A) Preparation

presence of more than one binding site for paclitaxel on Of Fully Exchanged GDP-TubulirGDP-tubulin, in which
assembled tubulirk; = 50 nM, K¢, = 5 xM). The signal- the E-site GTP was completely replaced by (_BDP, was
to-noise ratio of the microtubule-bound ligand, however, was Prepared as described by Seckler et a6)(Tubulin (40

too low to determine definitively if both 2-AB-PT binding #M) was incubated with 5 mM GDP on ice for 30 min in
sites were also paclitaxel binding sites. PME buffer. Excess GDP and unbound GTP were removed

In this paper, another fluorescent derivative paclitaxel, PY rapid gel filtration on Sephadex G-50 columns equili-
N-AB-PT! (Figure 1), was prepared to carry out further brateq with PME buffer. The nuclleoude cont.ent of Fhe GDP-
investigations of the paclitaxemicrotubule interactions. We ~ tubulin was evaluated by extracting nucleotides with HCIO
have found that N-AB-PT is equipotent with paclitaxel in and determining the ratio of GTP/GDP quantitatively by
inducing tubulin assembly in vitro, and the quantum yield HPLC (25). ) '
of the microtubule-bound drug is significantly greater than  (B) Preparation of Fully Exchanged GMPCPP-Micro-
that of 2-AB-PT bound to microtubule49). This paclitaxel ~ tubules GDP-tubulin (5uM) in PME buffer was incubated
derivative therefore is a good candidate for quantitative With 0.5 mM GMPCPP on ice for 20 min. The solution was
analysis of the paclitaxelmicrotubule association through  then brought to ambient temperature for 20 min to complete
fluorescence titrations. The results of these binding studiesPolymerization. Excess GMPCPP and unbound GDP were

are presented herein. not removed from the solutior26).
Polymerization AssayTubulin polymerizations were
EXPERIMENTAL PROCEDURES monitored by apparent light scattering using a Hewlett-

Packard 8453 diode array spectrometer interfaced with a PC.
The temperature in the thermostated multicell holder was
maintained at 37C with a circulating water bath. The assays
were performed in the kinetics mode of the instrument.
Tubulin (10 uM) in PMEG buffer was equilibrated to
ta;effbgrg}’;aggnsé (%-é?j-imé %‘S&E’;‘gﬁ;’ygﬂ(:gp%’&gzooyzmgtiﬁ , temperature, and a base line was recorded. Assembly was
sulfoxide: GDP,‘guanésiné—ﬁiphospha%:a;FEBMPCPF;, guanylﬂn(jx,ﬁ- Y''initiated by add_lng I_\ITAB-PT or paclitaxel to thg cuvette
methylenediphosphonate); GTP, guanosirigriphosphate; HPLC,  followed by rapid mixing. The apparent absorption at 400
high-pressure liquid chromatography; N-AB-PTs\em-aminobenza- ~ nm was recorded at 30 s intervals until a steady state was

mido-3-N-debenzamidopaclitaxel; PIPES, piperazib¥-bis(2-ethane- ; ;
sulfonic acid): PME buffer, 50 mM PIPES, 0.5 mM Mg§QL mM reached. The extent of tubulin assembly was determined from

EGTA, pH 6.9; PMEG buffer, PME buffer containing 0.1 mM GTP, the difference in the base line and the plateau absorption
pH 6.9. values.

Regents and Other Material8'-N-m-Aminobenzamido-
3'-N-debenzamidopaclitaxel (N-AB-PT, Figure 1) and 2-(3,5-
difluorobenzoyl)paclitaxel (2-DiF-PT, Figure 1) were pre-
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Absorption Spectroscopyltraviolet absorption spectra assembled from GDP- and GMPCPP-tubulin was measured
were obtained on a Hewlett-Packard 8453 diode array as described above; 20M paclitaxel and 2Q:M N-AB-PT
spectrometer at ambient temperature. The instrument waswere used with 5«@M GDP-tubulin, and 1M paclitaxel
set in the standard mode. Spectral data were digitally and 10uM N-AB-PT were used with 5uM GMPCPP-
exported to a PC for analysis. tubulin.

Fluorescence Spectroscapyluorescence excitation and Equilibrium Binding Measurements. (A) N-AB-PT Binding
emission spectra of N-AB-PT were obtained at ambient to Microtubules Assembled from GTP-Tubulifrubulin (5
temperature on an SLM 48000 spectrofluorometer connecteduM) in PME buffer was incubated with varying amounts of
to a PC. Excitation spectra were corrected by using RhodamineN-AB-PT (0—35uM) at 37°C for 30 min. The fluorescence
B in ethylene glycol (3 g/L) in the reference channel. emission spectrum of each sample was measured (excitation
Emission spectra were uncorrected. Ax210 mm quartz wavelength= 320 nm), and the emission intensity at 420
cuvette was used for the measurements and was oriented suchm was recorded. The samples were then centrifuged at
that the excitation beam passed through the smaller path, tad9000@ in a Beckman 42.2 Ti rotor at 23C for 20 min to
eliminate or minimize any possible inner filter effect. pelletthe microtubules. The supernatant of each sample was
Corresponding background spectra were recorded and digi-collected by careful aspiration, and the absorption and
tally subtracted from the sample spectra. The apparentemission spectra of each sample were measured again at
fluorescence of microtubules in the samples due to light ambient temperature under the same instrumental conditions.
scattering was negligible under experimental conditions. The emission intensities were converted into concentration

The photochemical lifetime of N-AB-PT bound to micro- data by dividing each emission intensity by the emission
tubules was measured on the SLM 48000 using the phasentensity per micromolar fully microtubule-bound N-AB-PT
modulation method with glycogen as the light scatter (Fperum). This value was obtained by incubating N-AB-PT
reference 7). (5 uM) with excess tubulin (2Q:M) and measuring the

Binding Competition between N-AB-PT or 2-DiF-PT and emission spectrum. Three identical samples were used for
Paclitaxel on Microtubules Assembled from GTP-Tuhulin each determination dfper,m.

Tubulin (5uM) in PME buffer was incubated with GM The fluorescence data were fit to the binding equation:
N-AB-PT or 2-DiF-PT and varying amounts-(@0 M) of
paclitaxel at 37°C for 30 min. The fluorescence emission r= Z{ N[N-AB-PT]/(Ky; + [N-AB-PT]( o)}

spectrum of each sample was measured (excitation wave-
length= 320 nm). The amount of microtubule-bound N-AB- where r denotes the binding function ([N-AB-Pg]nd
PT was determined by the fluorescence intensity at 420 nm.[MT] tota). [N-AB-PT]poung and [N-AB-PT}ee are the con-
The emission of free N-AB-PT at this wavelength under the centrations of microtubule-bound N-AB-PT and free N-AB-
experimental conditions was negligible. PT in each sample, respectively. [Ml} is the total
Ligand Exchange. (A) Ligand Exchange on Microtubules concentration of tubulin in the form of microtubules in each
Assembled from GTP-Tubulithree samples were prepared sampleKyis the apparent dissociation constant of each site,
by incubating tubulin (5:M) in PME buffer with paclitaxel andn is the apparent stoichiometry for each site.
(15 uM) and N-AB-PT (15uM) in different ways. Sample [N-AB-PT]pouna Was determined as follows: For each
A: tubulin incubated with N-AB-PT at 37C for 30 min, sample, the net fluorescence emission intensity of micro-
paclitaxel added and then incubated another 30 min. Sampletubule-bound N-AB-PTFyoung at 420 nm was obtained by
B: N-AB-PT and paclitaxel added at the same time, incubated subtracting the emission intensity of the supernatant (due to
at 37 °C for 30 min. Sample C: tubulin incubated with free ligand and background) from the emission intensity of
paclitaxel at 37°C for 30 min, N-AB-PT added and then the original solution at the same wavelendth,unawas then
incubated another 30 min. A reference sample was prepareddivided by the emission intensity of pexM micro-
by incubating tubulin (5:M) with N-AB-PT (15 uM) at 37 tubule-bound N-AB-PTFer.u, t0 convert to the concentra-
°C for 30 min. The fluorescence emission spectrum of eachtion of microtubule-bound N-AB-PT, [N-AB-PTund
sample was measured (excitation wavelergti320 nm). [N-AB-PT]woundWas subtracted from the total concentration
The amount of microtubule-bound N-AB-PT was determined of N-AB-PT in each sample to obtain [N-AB-PiE].
by the fluorescence intensity at 420 nm. The fluorescence [MT] . Was obtained by subtracting the concentration of
due to free N-AB-PT under the experimental conditions was unassembled tubulin in each sample from the total tubulin
negligible. concentration (5uM). The concentration of unassembled
Kinetics of ligand exchange were also measured by tubulin was determined from the absorption spectrum of the
monitoring the emission intensity at 420 nm (excitation supernatant using the extinction coefficient of tubulin.
wavelength= 320 nm) in the slow-time emission acquisition The data were fit to the binding equation using the curve-
mode & 1 s intervals. The temperature was maintained at fitting software (MarquardtLevenberg algorithm) in Sig-
37 °C with a circulating water bath. Tubulin (&M) was maPlot 4.0 (Jandel Scientific).
incubated with one taxoid (16M) for 30 min, and a base (B) N-AB-PT Binding to Microtubules Assembled from
line was recorded. The second taxoid (@8!) was then GDP-Tubulin GDP-tubulin (5uM) was incubated with
added followed by rapid mixing. The fluorescence emission varying amounts of paclitaxel {685 uM) in PME buffer at
intensity was continually monitored until a plateau was 37 °C for 30 min to ensure complete polymerization. The
reached. measurements and data analyses were performed as described
(B) Ligand Exchange on Microtubules Assembled from above for GTP-tubulin, except thBer,.m Was obtained by
GDP-Tubulin and GMPCPP-TubulinLigand exchange incubating 54M N-AB-PT with 50 uM GDP-tubulin to
between paclitaxel and N-AB-PT bound to microtubules ensure the complete binding of the ligand.
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(C) N-AB-PT Binding to Microtubules Assembled from
GMPCPP-Tubulin.Microtubules polymerized from &M
GMPCPP-tubulin were incubated with varying amounts of
paclitaxel (0-20 uM) in PME buffer at 37°C for 30 min to

ensure complete polymerization. The measurements and data

analyses were performed as described above for GTP-tubulin
The total concentration of tubulin in the form of micro-
tubules, [MTloa, Was 5uM for all samples.

(D) N-AB-PT Binding to Microtubules Preassembled by
GTP. Tubulin (50uM) was incubated with 1 mM GTP in
PME buffer at 37°C for 30 min. It was then diluted into
PME buffer containing 610 uM N-AB-PT. The final
concentration of tubulin in each sample was/8l. The
samples were then incubated at 32 for 30 min. The
measurements and data analyses were performed as describ
above.

Nucleotide Content of GTP-Tubulin Microtubules Induced
by N-AB-PT Microtubules were prepared by incubating
tubulin (10u«M) in PME buffer with 20uM N-AB-PT at 37
°C for 30 min. Nucleotides were extracted from the tubulin
subunits with HCIQ and processed. The ratio of GTP/GDP
was evaluated by HPLC as described by Seckler eR8). (

Electron MicroscopyElectron micrographs were obtained
using a Hitachi 7000 TEM. Samples were prepared on 200
mesh hydrophilic carbon-coated grids and then stained with
0.5% uranyl acetate solution.

RESULTS

Microtubule-Promoting Properties of N-AB-PTike pa-
clitaxel, N-AB-PT induced assembly of purified tubulin into
microtubules. Figure 2A shows the effect of N-AB-PT on
tubulin assembly. The extent of microtubule assembly
increased with increasing amounts of N-AB-PT until reaching
the plateau at a molar ratio of approximately 1:1 (N-AB-
PT:tubulin). Additional N-AB-PT did not seem to affect the
polymer mass, suggesting that most of the tubulin dimers
were incorporated into the microtubules. Control experiments
done with paclitaxel under the same conditions yielded
identical results (data not shown). The critical concentration
for tubulin assembly, the concentration below which no
microtubule assembly is observed, was also determined for
N-AB-PT (Figure 2B). In the presence of 201 N-AB-PT,
the critical concentration was 0880.1uM. Again, identical
experiments with paclitaxel gave the same result within
experimental error. The tubulin polymers formed by N-AB-
PT were confirmed to be microtubules by electron micros-
copy (data not shown). The effect of N-AB-PT on nucleotide
hydrolysis was also examined. It was found that the
nucleotide content of N-AB-PT-assembled GTP-tubulin
microtubules was 1:1 (GTP:GDP). Therefore, addition of a
m-amino group to the'@enzamide has no observable effect
on the assembly-promoting properties of paclitaxel.

Equilibrium Binding of N-AB-PT to the Paclitaxel Site on
Microtubules The microtubule-promoting properties of N-
AB-PT were determined to be due to N-AB-PT binding to
the paclitaxel site on microtubules through competition
experiments. We have found that microtubule binding
induces a significant blue shift in the emission maximum of
N-AB-PT (from 442 nm in PME buffer to 424 nm for
microtubule-bound N-AB-PT) and an increase in quantum
yield (from 0.12 to 0.56). Energy transfer between the protein
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Ficure 2: Effects of N-AB-PT on in vitro tubulin polymerization.
(A) Extent of tubulin polymerization as a function of N-AB-PT
concentration. Tubulin (12M) in PMEG buffer was polymerized
by addition of varying amounts of N-AB-PT at 3T. The turbidity
increase was monitored at 400 nm. (B) Critical tubulin concentration
for microtubule polymerization in PMEG buffer in the presence of
20 uM N-AB-PT.
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Ficure 3: Equilibrium binding competition between taxoids on
microtubules. Samples were prepared by incubating tubulip 10

with 10 uM N-AB-PT and varying amounts of paclitaxel (solid
circles) or 2-DiF-PT (triangles) at 37C for 30 min. The amount

of microtubule-bound N-AB-PT was determined by the emission
intensity at 420 nm (excitation wavelength320 nm). The emission

of free N-AB-PT was negligible under the experimental conditions.
and the drug was observed as wél). Paclitaxel caused a
concentration-dependent decrease in the emission intensity
of microtubule-bound N-AB-PT (Figure 3). The competition
experiment was repeated with 2-DiF-PT, which is about
twice as potent as paclitaxel in promoting tubulin polymer-
ization (data not shown). It is seen in Figure 3 that 2-DiF-
PT was also more effective in inhibiting N-AB-PT binding
to assembled tubulin. These data indicate that N-AB-PT and
paclitaxel bind to the same site(s) on the microtubule.

10
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FIGURE 4: Ligand exchange observed by fluorescence of micro- Figure 5: Binding of N-AB-PT to GTP-tubulin microtubules.
tubule-bound N-AB-PT. Tubulin (M) was incubated at 37C Tubulin (54M) was titrated with varying amounts of N-AB-PT as
with one taxoid (15M) for 30 min, a base line was recorded, and  described under Experimental Procedurés.the binding function

the second taxoid was then added. Solid line: tubulin incubated ([N-AB-PT]pound[microtubule]ys). The solid curve is the data fit
with N-AB-PT first. Dotted line: tubulin incubated with paCIItaer to a double rectangu|ar hyperb0|a_

first. The excitation and emission wavelengths were at 320 and
420 nm, respectively.

Table 1: Apparent Dissociation Constants and Stoichiometry for

. . Paclitaxel or N-AB-PT Binding to the Paclitaxel Site on
Whether N-AB-PT and paclitaxel could undergo ligand microtubules at 37C

exchange was evaluated. Figure 4 shows the effect of adding™ ;i -bound

paclitaxel (15uM) to a solution containing %M GTP- nucleotidé Kaa, 1eMP ne Kaz, 1M o
tubulin and 15«M N-AB-PT. The emission intensity due to =557 i 0.061 (0.007 0.81 (0.03) 3.3 (0.54) 0.4 (0.02)
polymer-bound drug immediately decreased to about 50% GTp-tubulin,  0.046 (0.014) 0.47 (0.085.3 (2.0) 0.64 (0.08)
of its original value. When N-AB-PT (16M) was added to preassembled

microtubules formed from &M GTP-tubulin with 154M GDP-tubulit ~2.5(0.29)  1.0(0.04) rid nd
paclitaxel, emission at 430 nm rapidly appeared¢gamin; gmggggﬁgﬂ::ﬂ 8'8%2 (0.004) 1.1(0.3) nd nd
dotted line, Figure 4). Adding the two ligands simultaneously ~ inetic o
prOdu.Ced equw_alent ﬂuoresc.ence emission IntenSIty.' Similar — Refers to the content of exchangeable GTP binding site of tubulin
e_xperlments with GDP-tubulin and GI_\/IP_CPP-tubuIln 9ave prior to assembly? Dissociation constant at 3T. ¢ Moles of taxoid/
rise to the same results. These data |n_dlcate tha_t paClltal-XG oles of tubulin in the polymet Binding parameters determined using
and N-AB-PT undergo rapid and reversible association with N-AB-PT, as described under Experimental Procedur8sandard
polymerized tubulin and that the two ligands have about deviations are in parentheséSee footnote 29 Tubulin was preas-

s ; T : . Sembled into microtubules by GTP prior to the addition of N-AB-PT;
teuqbuuallleafflnlty for the paclitaxel binding site on the micro see text" Not detected! Binding parameters determined using pacli-

taxel and a kinetic assay, from r&f.

Equilibrium Binding of N-AB-PT to Microtubules As-
sembled from GTP-TubulirEquilibrium dissociation con-  experiment, GTP-tubulin was incubated at 37 prior to
stants for N-AB-PT binding to microtubules were measured the addition of N-AB-PT. Again two types of binding sites
through fluorescence titrations. Tubulin in PME buffer was \yere found. The affinities of these sites are the same as those
titrated with varying amounts of N-AB-PT at 37C as obtained from native tubulin within experimental error, and
described under Experimental Procedugsefly, varying the total stoichiometry is approximately 1 (Table 1). How-
amounts of N-AB-PT were added to GTP-tubulin at°&Z ever, the stoichiometric ratio of these two types of sites

Samples were incubated to allow the assembly process tochanged from 1.8:1 (higher affinity:lower affinity) to 0.7:1.
occur. The concentration of microtubule-bound N-AB-PT  Binding of N-AB-PT to Microtubules Assembled from
was derived from the fluorescence emission intensity. The Gpp-Tubulin or GMPCPP-TubulinThe titration experi-
equilibrium binding curve is shown in Figure $he data  ments were again performed using tubulin in which the E-site
were best fit to a double-rectangular hyperbola, indicating GTp had been completely replaced by GDP or by GMPCPP
that there are two types of binding sites for paclitaxel on (3 weakly hydrolyzable GTP analogue). It was found that
microtubules. A Hill plot of the data showed no evidence N-AB-PT bound to a single site on the tubulin dimer within
for cooperativity, so the two types of binding sites were the microtubule on GDP-microtubules with a dissociation
considered to be independent. Nonlinear regression analysigonstant of 2.5¢M (Figure 6). Similarly, N-AB-PT was

of the binding curve yielded the following parameters for found to bind to a single site on GMPCPP-microtubules with
the two types of binding sites (Table 1). The high-affinity 5 dissociation constant of 15 nM (Figure 7). These data are
site had an apparent dissociation constant of 61 nM and asymmarized in Table 1.

stoichiometry of about 0.8 site per tubulin dimer in the  The microtubules formed from GTP-tubulin, GDP-tubulin,
microtubule. The second binding site had a 50-fold lower ang GMPCPP-tubulin in the presence of N-AB-PT were

affinity, with an apparent dissociation constant of /4 examined by electron microscopy. Normal microtubules were
and a stoichiometry of 0.44 site per tubulin dimer in the opserved in each case. Microtubules from GDP-tubulin were
tubulin polymer. significantly longer than reference microtubules from GTP-

The effect of preassembling the tubulin on the equilibrium tubulin, while GMPCPP-microtubules were much shorter yet
binding parameters of N-AB-PT was explored. In this more numerous and appeared no different in the presence
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12 ratio for the bound species. These characteristics made
N-AB-PT an excellent probe for investigating paclitaxel
microtubule interactions using fluorescence spectroscopy.
N-AB-PT is more water-soluble than most taxoi¢slQ0
uM in water containing 4% DMSO). Low solubility of
paclitaxel has been problematic in its clinical use, and
derivatives with improved water solubility have been widely
sought R). Since N-AB-PT is equipotent with paclitaxel in
receptor binding ability, investigations into the in vivo
activity of this compound are warranted.
Y'Y S i} . Relationships between Paclitaxel Binding, Nucleotide
0 5 0 15 20 25 Content, and Tubulin Polymerizatiomhe simplest results
[N-AB-PTlgree. vt were obtained for N-AB-PT binding to GDP-tubulin micro-
) tubules and GMPCPP-tubulin microtubules. We found that

Ficure 6: Binding of N-AB-PT to GDP-tubulin microtubules. ; ~ ; )
GDP-tubulin (5uM) was titrated with varying amounts of N-AB- microtubules assembled from GDP-tubulin or GMPCPP

PT as described under Experimental Procedures. The solid curvelubulin possess a single type of paclitaxel binding site. Since
is the data fit to a single rectangular hyperbola. these microtubules have a homogeneous nucleotide content

and are devoid of dynamic instabilit4, 29, a uniform
binding site along the microtubule lattice would be expected
in both cases. It appears that the conformation features that
affect the assembly properties of GMPCPP-tubulin and GDP-
0.8 tubulin also affect the binding of paclitaxel to these proteins.
GMPCPP-tubulin is thought to exist in a “straight” confor-
mation, which appears to promote stronger lateral interactions
04 b between protofilament3(0). GMPCPP-tubulin assembles at
ambient temperature without exogenous ligands into highly
02 stable microtubule2@). GDP-tubulin, with a conformation
0o - . that is more “curved” than GTP-tubulir8Y), forms ring-
00 05 10 15 20 25 30 like oligomers rather than microtubules in the absence of
[N-AB-PT]frce, M paclitaxel 82). It has been proposed that paclitaxel binding
Ficure 7: Binding of N-AB-PT to GMPCPP-tubulin microtubules. _to GDP'tUbl.J“n oligome_rs induces a C(_)nfprmational Chf_’mge
GMPCPP-tubulin (5«M) was titrated with varying amounts of N the protein to an active, GTP-tubulin-like conformation,

N-AB-PT as described under Experimental Procedures. The solid Which will then support microtubule assembli4j.
curve is the data fit to a single rectangular hyperbola. Although the nucleotide content of tubulin clearly affects
. ) the overall structure of the protei3), there is only a single
or absence of N-AB-PT. These observations are in concor-renort of the nucleotide content of the exchangeable GTP
dance with previous studie24, 26, 28). site affecting drug binding sites on the soluble tubulin
Fluorescence Lifetimes of Microtubule-Bound N-AB-PT aterodimer34). Our data demonstrate that the nucleotide-
The differences in binding affinities of N-AB-PT for different  jependent tubulin conformation substantially affects the
types of microtubules led us to question whether the nacjitaxel binding site on tubulin assembled into micro-
spectroscopic properties of the microtubule-bound ligand {,pyles. The equilibrium constant for N-AB-PT binding to
were _also different. The shape of the emission spectra of gGpmpCPP-tubulin microtubules is almost 170 times greater
the microtubule-bound N-AB-PT appeared identical regard- than the equilibrium constant for N-AB-PT binding to GDP-
less of the nucleotide content of tubulin, but the emission ,pylin microtubules (Table 1). This difference corresponds
intensities were different. For example, the fluorescence g 5 difference in free energy changeAG®) of about 3.2
intensity of N-AB-PT bound to GDP-tubulin microtubules  cal/mol at 37°C. But the free energy change for taxoid
at the emission maximum (424 nm) was about 30% greaterpinging to GDP-microtubules is linked to the elongation of
than that of N-AB-PT bound to GMPCPP-tubulin micro-  the microtubule 14), so the affinity constant measured for
tubules. Moreover, the lifetime of N-AB-PT bound to N_AB-PT binding to GDP-microtubules is a function of both
microtubules from GDP-tubulin was found to be 15% longer the overall binding and the association process. Diaz and
than that of N-AB-PT bound to GMPCPP-tubulin micro- - aApgreu have determined that the difference in elongation
tubules (15.5- 0.3 ns vs 13.8¢ 0.2 ns), which is consistent  free energy between the paclitaxel-induced assembly of GTP-
with the intensity differences between these two samples. yylin and GDP-tubulin is less than 1 kcal/mol. Therefore,
The lifetime of N-AB-PT bound to GTP-tubulin microtubules e estimate that the binding of N-AB-PT to GMPCPP-
was 14.1+ 0.2 ns. tubulin microtubules is at least 2 kcal/mol more exothermic
than the binding of the ligand to the paclitaxel site on GDP-
DISCUSSION tubulin microtubules. We speculate that the difference in
N-AB-PT, a fluorescent derivative of paclitaxel, affects affinity may be due to an altered protein conformation within
in vitro tubulin assembly in manners identical to paclitaxel. the region of the paclitaxel binding site.
Competition experiments show that the two drugs share the The association of N-AB-PT with GTP-tubulin micro-
same binding site. The relatively large quantum yield of the tubules is more complex. We find twgpesof independent
microtubule-bound drudl) provides a good signal-to-noise  binding sites for paclitaxel on the GTP-tubulin micro-
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Scheme 1
GDP-Tubulin
GTP hydi \liacmaxel binding
GTP-Tubulin GDP-Tubulin-Paclitaxel

Paclitaxel bimﬁnNA / GTP hydrolysis

GTP-Tubulin-Paclitaxel

Li et al.

drolysis. Following the second path, the E-site GTP of this
subunit hydrolyzes first; the subsequent paclitaxel binding
to this GDP subunit can take place either before or after its
association with a new GTP-tubulin dimer. The relative
stoichiometry of the higher and lower affinity sites can
therefore change depending on experimental conditions. In
our case, adding N-AB-PT to preassembled GTP-tubulin
microtubules resulted in more lower affinity sites than adding
the ligand prior to assembly. This result fits our model: a

tubule: a higher affinity site with a dissociation constant in larger proportion of tubulin in the microtubule is expected
the nanomolar range, and a lower affinity site with a to be in the GDP-tubulin conformation in the preassembled
dissociation constant in the micromolar range. The experi- sample. Tubulin in the GTP conformation will continue to
ment was performed using two different protocols. In the bind to the microtubule ends, which may then bind paclitaxel.
first experiment, N-AB-PT was added to GTP-tubulin prior Since microtubules fully liganded with paclitaxel are not

to assembly; in the second, N-AB-PT was added to preas-

dynamic @4, 29, variations in the stoichiometric ratio are

sembled microtubules. Changing the experimental conditionsexpected.

in this manner changed the relative stoichiometry, but did

This hypothesis has a number of implications in our

not change the association constants within experimentalunderstanding of the interactions between paclitaxel and

error (Table 1%

The maximum stoichiometry found for paclitaxel binding
to microtubules is consistently 1 mol of paclitaxel/mol of
assembled tubulin dimed 4, 39. Yet several investigators

tubulin. We found physical evidence that the ends of the
microtubule differ from the walls of the microtubule with
respect to paclitaxel binding, and that the origin of these
differences is the nucleotide-engendered conformational state

have noted that microtubules seem to have more than oneof the protein. The in vitro assays of drug potencies using

type of binding site for paclitaxel5( 18, 36, 3. Our
equilibrium binding studies provide a quantitative explanation

purified tubulin are routinely performed with GTP-tubulin.
Since N-AB-PT binding to the end of the microtubule is

for these seemingly contradictory observations: microtubules mimicked by N-AB-PT binding to GMPCPP-tubulin micro-

assembled from GTP-tubulin have a total of 1 paclitaxel

tubules, the affinities of paclitaxel-like drugs for GMPCPP-

binding site per mole assembled tubulin dimer, but the naturetubulin microtubules may be more indicative of their

of the binding site is not uniform within the GTP-tubulin
microtubule. We propose that the two types of N-AB-PT
binding sites on GTP-tubulin microtubules are the result of
drug binding to different conformations of tubulin in the
microtubule, and that these two different tubulin conforma-

antitumor activity than their activities on GTP-tubulin.
Other observations from the literature also support our
model. For example, Arnal and Wada8g| found that the
moire repeat lengthy, which can provide information about
the length of tubulin within the polymer, is significantly

tions are caused by the nucleotide bound to the exchangeabléncreased by paclitaxeinly if tubulin is assembled in the

GTP site.

Our equilibrium data indicated that a substantial fraction
of tubulin in microtubules assembled from GTP-tubulin was
in the “straight” conformation (Table 1). Analysis of the

presence of paclitaxel. Addition of paclitaxel during assembly
yields polymers with_y values just slightly larger than those
of reference microtubules. This result is expected based on
our equilibrium data: addition of N-AB-PT to preassembled

nucleotide content of these microtubule showed a 1:1 ratio Microtubules gave a lower ratio of high:low-affinity binding

of GTP:GDP, which is also observed for paclitaxel-polym-
erized tubulin 86). It therefore appeared that the equilibrium
data were at odds with the GTP hydrolysis data.

We explain the apparent incongruity by considering the

sequence of three events: GTP-tubulin binding to the end ; ; - . )
d N and also obtained in our binding studies when GDP-tubulin or

of a microtubule, GTP hydrolysis in the polymer,
paclitaxel binding to microtubule. From a macroscopic

standpoint, these events take place simultaneously. GTP-

site stoichiometry than adding the drug during assembly.
Stoichiometry of N-AB-PT Binding to GTP-Tubulin
Microtubules The stoichiometry of taxoids binding to
microtubules has been meticulously measured to be one
ligand per tubulin subunitl4d, 35. The same results were

GMPCPP-tubulin was used. The total stoichiometry of
N-AB-PT binding to GTP-tubulin, however, was between

tubulin microtubules at steady state fully saturated with +:10 and 1.25 0.05 mol of ligand per assembled tubulin

paclitaxel are composed almost exclusively of “GDP-tubulin-
paclitaxel” subunits, which each contain one GDP at the
E-site and one molecule of paclitaxel. However, such a
“GDP-tubulin-paclitaxel” subunit can be obtained through
two different paths (Scheme 1). A tubulin dimer in the active
GTP conformation may have two fates shortly after it is
incorporated into the end of a microtubule. In the first route,
paclitaxel binds to the GTP-tubulin subunit on the end of
the microtubule, before hydrolysis of the E-site GTP hy-

2The stoichiometry of N-AB-PT binding to GTFRubulin micro-
tubules is slightly greater than 1 mol of ligand/mol of assembled tubulin.
This value is treated as 1.0 in the text. An explanation for the
discrepancy is found at the end of the Discussion.

dimer. We therefore set out to find the reason(s) for the
difference.

Fluorescence emission intensity is not in itself a direct
measure of binding stoichiometr@9). Intensity values are
converted to molar units by measuring the fluorescence of
the ligand fully bound to the receptor. In most cases, these
values can be determined by examining the fluorescence
emission spectrum of the ligand in the presence of a large

3 A previous study of paclitaxel binding to microtubules found that
the apparent affinity of paclitaxel for microtubules was dependent on
paclitaxel concentratiorb( 40. Kq values of 50 nM and LM for the
two types of paclitaxel binding sites were estimated; Kuvalues for
N-AB-PT binding to GTP-tubulin microtubules are in good agreement
with these results.
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excess of receptor. The implicit assumption in these analyses 10.
is that the emission intensity is directly proportional to the
occupancy of the receptor site. We have found, however,
that the photochemical lifetime and emission intensity of
microtubule-bound N-AB-PT differ by up to 30% depending
on the nucleotide content of the polymer (see Results). These
differences do not matter in the homogeneous polymer in
GMPCPP-tubulin and GDP-tubulin microtubules. GTP-
tubulin polymers, though, contain the fluorophore bound in
two different environments (i.e., GDP-tubulin-like and
GMPCPP-tubulin-like). Thus, it is not possible to determine
a priori which fraction of the fluorescent signal is due to the
GDP-tubulin-like environment and which type is due to the
GMPCPP-tubulin-like environment. The absolute stoichi-
ometry of N-AB-PT bound to GTP-tubulin microtubules
therefore cannot be determined with the same accuracy as
the stoichiometry of N-AB-PT bound to GDP- or GMPCPP-
tubulin microtubules by this spectroscopic method.

11.

12

13.

14.

15.

16.

17.

[

8.

19.

CONCLUSIONS

20.
The affinity of tubulin for paclitaxel is highly dependent

on its conformation. Unassembled, GTP-tubulin either does
not bind paclitaxel or binds the drug with very low affinity
(15). Assembled tubulin has a high affinity for paclitaxel
prior to GTP hydrolysis, which decreases sharply after
nucleotide hydrolysis. These results may explain why pa-
clitaxel suppresses dynamic instability at low drug concen-
trations: the drug binds preferentially to tkead of the
microtubule because it has an intrinsically higher affinity
for the conformational state of tubulin found on the micro-
tubule end® It will be interesting to discover whether the
cryptophycin binding site or binding sites of other anti-
microtubule drugs are equally affected by the nucleotide-
engendered conformational state of the protein.
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