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ABSTRACT. NSC 613862 9-(—) and NSC 613863R)-(+) are the two chiral isomers of ethyl-5-amino-
2-methyl-1,2-dihydro-3-phenylpyrido[3 Hlpyrazin-7-yl carbamate. Both compounds bind to tubulin in

a region that overlaps the colchicine site. They induce formation of abnormal polymers from purified
GTP-Mg-tubulin, the active assembly form of tubulin, in glycerol-free buffer with magnesium [De Ines,
C., Leynadier, D., Barasoain, |., Peyrot, V., Garcia, P., Briand, C., Rener, G. A., and Temple, C., Jr.
(1994)Cancer Res. 5475-84]. In this study, we observed that tBésomer can promote polymerization

of GDP-tubulin, the inactive assembly-incompetent form of tubulin, into nonmicrotubular structures at a
critical protein concentration of 1 mg/mL (12 mM Mggl Neither theR-isomer nor colchicine have

this ability. By electron microscopy, these tubulin polymers showed the same poorly defined filamentous
structure when GDP-tubulin or GTP-Mg-tubulin were used. By HPLC measurements, we demonstrated
that a dissociated GTP hydrolysis and exchange of nucleotide occurred during the isomer-induced abnormal
assembly. Both isomers inhibited the Megnduced tubulin self-association leading to 42 S double ring
formation from GTP-Mg-tubulin or GDP-tubulin. Measurement of their binding under nonassociation
conditions revealed a 3-fold decrease in the apparent equilibrium binding constant Rishmer to
GDP-tubulin relative to GTP-Mg-tubulin. For tHeisomer, the decrease in the binding constant was
less pronounced. Binding data, analyzed in terms of a system of linked conformational and association
equilibria, provide evidence that the active (“straight”) rather than the inactive (“curved”) conformation
of tubulin differentially recognizes these ligands. Whereas binding of colchicine to tubulin is well-known
to induce GTP hydrolysis, this is the first case in which the interaction of a ligand with the colchicine site
is shown to be sensitive to the presence of GDP or GTP at the distant nucleotide binding site.

Tubulin is ano-heterodimer with two distinct nucleotide  tubulin dimer, characterized by an identical chain elongation
binding sites, an exchangeable (E-site) site and a functionallyequilibrium constanK,, and terminated by a ring-closing
nonexchangeable site (N-sitel)( During microtubule step, at a degree of polymerization= 26 + 2 (10, 11).
assembly, GTP at the exchangeable site is hydrolyzed to GDPThe ring-closing step entails an entropic contribution which
and orthophosphat@,(3). This process results in a GDP- is more favorable for GDP-tubulin than for GTP-Mg-tubulin
tubulin wall and a GTP-tubulin cap stabilizing the micro- (12). To explain the different stabilities of GTP-tubulin and
tubule @—7). The stochastic loss and recovery of this cap GDP-tubulin microtubules, a model has been propoged (
generates the length fluctuations characteristic of microtubule 13) in which the tubulin dimer exists in an equilibrium
dynamic instability 8§). On the other hand, in presence of between two states, a “straight” or microtubule-forming
high concentrations of magnesium, the 5.8 S tubulfh conformation and a “curved” or ring-forming conformation.
dimer is in rapid equilibrium with a 42 S specied.( This The structure of tubulin double rings corresponds to pairs
process, observed by sedimentation velocity, is best describedf microtubule protofilament segments curved tangentially
in terms of a progressive isodesmic self-association of the to the microtubule surfaceld). The equilibrium between

the two forms is controlled by the nature of the nucleotide
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conformation, whereas GTP-Mg-tubulin has a “straight”
conformation {6). Observation of microtubule ends by
cryoelectron microscopy has shown structural differences
during growing and shrinking phases. During growth, the
microtubule ends form two-dimensional sheets closing into
tubes, whereas during shrinkage the individual ends of
protofilaments curl17, 18). To date, there is no other way
to detect the “curved” and “straight” conformation than by
their propagated assembly properties.

Other ligands besides nucleotides are able to induce tubulin
conformational changes. The antimitotic compound colchi-
cine induces a GTPase activity in tubuli2) @nd alters the
self-assembly behavior of tubulilg, 20). Under micro-
tubule assembly conditions, the 1:1 tubulicolchicine
complex polymerizes into anomalous structures even in
absence of glyceroll@, 20). Like microtubule polymeri-
zation, this mechanism of self-assembly is characterized by

a nucleated condensation process and a GTP hydrolysis.

Moreover, the GDP-tubulincolchicine complex remains
inactive for assembly Unlike microtubules, the hydrolysis

of GTP occurred at the same intrinsic rate constant as in
nonassociated protein, indicating a GTPase activity com-
pletely dissociated from the polymerization procel; 21).
Colchicine has been extensively used to stmdyitro tubulin
self-association. On the other hand, numerous ligands bind
to the colchicine site. Some of them are structural analogs,

and others share only a partial hydrophobic character. These’

ligands can also be used to provide information about tubulin
self-association processes. This is the case of two chiral
isomers NSC 61386%5-(—) (C1980} and NSC 613863R)-
(+) (Chart 1). These molecules inhihih zitro tubulin
polymerization, bind with a high-affinity constant by over-
lapping the colchicine site, and induce a conformational
change which promotes the formation of abnormal polymers
and a GTPase activity in the tubulin dim&2( 23). These
molecules also inhibit the polymerization of the cytoplasmic
microtubules of R cells and block these cells in metaphase,
the Sisomer being more potent than thisomer @3).
Fluorescence stopped-flow study of the interaction between
theR- andSisomers and tubulin has shown that Biésomer
binds in two steps: an initial binding followed by a
conformational change of the initial comple24j. Related
experiments done with thé&-isomer showed that this
compound has a slower kinetics of association than the
R-isomer Although this kinetic study did not explain the
difference of activity between the two enantiomers, it
demonstrated that the position of the methyl group influences
the dissociation step. Note that only GTP-Mg-tubulin was
employed in these previous studies.

This study aimed to gain information, first, on the origin
of the difference in activity of the two enantiomers and,
second, on the effects of tubulin conformational changes on

1 ABBREVIATIONS: NSC 613862 $-(—) (CI980) and NSC
613863 R)-(+), ethyl 5-amino-2-methyl-1,2-dihydro-3-phenylpyrido-
[3,4-blpyrazin-7-yl carbamate; MTC, 2-methoxy-5-(2,3,4-trimethoxy-
phenyl)-2,4,6-cycloheptatrien-1-one; E-site, exchangeable nucleotide
binding site; GTP: guanosine'-&iphosphate; GDP, guanosiné- 5
diphosphate; SDS, sodium dodecyl sulfate;$1@, dimethyl sulfoxide;

PG buffer, 10 mM sodium phosphate and 0.1 mM GTP, pH 7.0; EDTA,
ethylenediaminetetraacetic acid; HPLC, high-performance liquid chro-
matography; PEDTA buffer, 10 mM phosphate, 1 mM EDTA, pH 7.0;
Asxw, difference sedimentation coefficient of liganded minus unli-
ganded tubulin.
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Chart 1. Structures of thB- and S'Isomers
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their interactions. Indeed, ligand interactions with tubulin
ossibly linked with the E-site occupancy have been
extensively pursuedThe differing conformational changes
induced by GTP-Mg or GDP at the E-site may affect ligand
binding. We therefore examined the effects Rf and
Sisomers in presence of high magnesium concentration on
the self-assembly of tubulin (GTP-Mg- and GDP-) into
abnormal polymers and into double rings. Comparing these
results with those of the tubukircolchicine interaction, we
showed that th&- andS-isomers exhibit previously unknown
effects. Only theSisomer renders usually inactive GDP-
tubulin competent to polymerize into abnormal filamentous
structures. The two enantiomers inhibit the tubulin (GTP-
Mg- and GDP-) self-association into double rings. In
magnesium free buffer, their binding parameters show that
these enantiomers distinguish between the two conformations
of the tubulin dimer, the active GTP-Mg- and the ground
GDP-liganded states.

MATERIALS AND METHODS

Protein and Chemicals.Tubulin was purified from calf
brain by the modified procedure of Weisenbe$p{27),
stored in liquid nitrogen and prepared for use as described
below. Tubulin concentration was determined spectropho-
tometrically at 275 nm with an extinction coefficient of 1.09
L gt cm™in 6 M guanidine hydrochloride or 1.07 L§
cm1in 0.5% SDS in neutral aqueous buffer. The tubslin
colchicine complex was prepared as described, and its
concentration was determined spectrophotometrically with
an extinction coefficient of 1.14 L¢ cm™ in 1% SDS in
neutral aqueous buffe2Qb).

Colchicine (Aldrich Chemical Co.) concentration was
spectrophotometrically measured employing an extinction
coefficientessonm= 16 600 Mt cm™t. MTC was a gift from
Dr. T. J. Fitzgerald Z7); its concentration was determined
spectrometrically withezsznm= 17 600 M2 cm™* (27h). NSC
613862 (C1980) § and NSC 613863R) were a gift from
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Dr. Renner 28). Stock solutions were made in 0O and from those of the GDP-tubulinligand complex and analyzed
stored at—20 °C. Their concentrations were determined as indicated above. Nonsignificantly different results were
spectrophotometrically with extinction coefficiertgsnm= obtained.
15100 and 15 400 Mt cm™?! for the S and R compounds, Direct Binding MeasurementsThe Hummel-Dreyer32)
respectively28). GTP (disodium salt) was from Fluka. GDP  column gel permeation technique was used to measure the
(sodium salt) was obtained from Pharmacia (lots AD1900103) binding of the R-isomer to GTP-Mg-tubulin and GDP-
and from Sigma (Type |, lot 54H7806). All other chemicals tubulin. Bio-Gel P4 columns (0.&% 12 cm) were equili-
were of reagent grade. brated with 14uM R-isomer in PG buffer for GTP-Mg-
Preparation of Tubulin with GTP in the Exchangeable Site tubulin or in PEDTA and 1 mM GDP buffer for GDP-
(E-Site). Aliquots of protein were chromatographed in tubulin. A solution (0.7 mL) of #8 uM GDP or GTP-Mg-
drained spin columns (Ix 5 cm) of Sephadex G25, tubulinin the same buffer as that used for equilibration was
equilibrated with PG buffer, followed by passage through a applied to the column. The rest of the experimental
second larger (k 10 cm) gravity column of Sephadex G25 procedure was as reporte22( 33).
equilibrated with the same buffer. This standard tubulin  Formation of Abnormal PolymersLigand-induced as-
preparation 25—27) consists of approximately 93% GTP sembly of tubulin into abnormal polymers was performed

liganded tubulin at site-E and contains residualPM(9), in PG buffer with 16 mM MgCl pH 6.55, for GTP-Mg-
so we denominated this protein GTP-Mg-tubulin for the pur- tubulin, or in 10 mM sodium phosphate buffer, 12 mM
pose of the present work. MgCl,, and 1 mM EDTA, 1 mM GDP, pH 6.60, for GDP-

Preparation of GDP-Tubulin.Tubulin with GDP occupy-  tubulin. The reaction was monitored turbidimetrically at 475
ing the exchangeable site was prepared by the two-stepnm with a Beckman DU 7400 spectrophotometer. The
exchange procedure described by Diaz and Andgs). ( protein samples (0-55 mg/mL) with saturating concentra-
Protein samples were passed through a drained centrifugdions of R- and Sisomers were placed at 3T in spectro-
column of Sephadex G25 medium {16 cm) equilibrated photometer cells thermostated by a circulating water bath.
with 10 mM sodium phosphate buffer, 1 mM EDTA, and The residual MgSO was less than 2%.
1mM GDP, pH 7, in the cold. GDP (10 mM) was addedto  Electron Microscopy. Small aliquots of the assembly
the protein, which was incubated on ice for 10 min. A solution were adsorbed to carbon-coated Formvar films on
second cold Sephadex G25 chromatography (10 cm) copper grids, stained for 1 min in 2% uranyl acetate, and
equilibrated with the same buffer was performed to remove observed with a Philips EM 400 T electron microscope.
the excess of nucleotide. HPLC analysis of the resulting Measurement of Nucleotides during Tubulin Polymeriza-
protein showed that it contained 99% GDP at site E. tion. Aliquots of the GTP-Mg-tubulin assembly solution

Binding Measurements by Fluorimetric TitratiolQuench- with 104 M R- and Siisomers were removed at different
ing of the intrinsic protein fluorescence as well as the increasetimes. Tubulin was precipitated by 0.5 M perchloric acid,
in ligand fluorescence due to their interaction were employed centrifuged at 15000 rpm for 10 min at 4C, and the
to estimate the binding parameters of fReand Sisomers nucleotide extracted from the supernaté84)( The nucle-
to the different preparations of tubulin. GTP-Mg-tubulin and otides were quantified by tetrabutylammonium ion-pair
GDP-tubulin (3-7 uM) were titrated with various concentra- HPLC (Supercosil LC-DB) with a known concentration of
tions of R- and Sisomers and the bicyclic analog of guanosine as an internal standard. The number of moles of
colchicine, MTC. The fluorescence measurements were nucleotide (GTP and GDP) per mole of tubulin in the
performed with a Perkin-Elmer Luminescence Spectrometer reaction mixture was plotted versus time; the slopes represent
50 with slit widths of 5/5 nm monitored by an IBM PS2 the rough rate of GTP hydrolysis, which was taken as the
computer. Uncorrected fluorescence spectra were obtainednean of the rates of GTP disappearance and of GDP
by using 0.2 (excitationkx 1 cm cells (Hellma) thermostated appearance. The net GTP hydrolysis rate value was calcu-
at 25°C by a circulating water bath. For protein quenching lated by subtracting the rate in the absence of ligand from
fluorescence titrations, emission fluorescence speétsa ( that in the presence of ligand. In absence of ligand, the
= 295 nm) were collected, the fluorescence intensity values background GTP hydrolysis rate of the Weisenberg tubulin
at 340 nm were corrected for the inner filter effect according preparation was 0.008& 0.0001 mol of GTP hydrolyzed
to Lakowicz @0) and plotted versuR andSconcentrations.  (mol of tubulin)* min~! (dashed line in Figure 4C). This
The experimental curve was fitted as described by Barbier value was compatible with those found by Andreu and
et al. @1) to determine the stoichiometry) the affinity Timasheff @5) [0.0048 mol of GTP hydrolyzed (mol of
constantKy,), and the plateau fluorescence val&gdy). For tubulin)~* min~1] and by Perez-Ramirez et aB) [0.013—
the ligand fluorescence titrations, emission specitta & 0.015 mol of GTP hydrolyzed (mol of tubuliny min=?

380 nm) were collected. After correction for the inner filter using a standard method with-f2P]GTP.

effect, the fluorescence intensity values at 460 nm were To determine the nature of the nucleotide bound to tubulin
plotted versusR-isomer concentrations, and the binding in the polymer, we removed small aliquots of the assembly
parameters fitted as describ&1). TheR-isomer also binds  solutions at different times (from 3 to 130 min) and
to GTP-Mg-tubulin at several lower affinity binding sites centrifuged them at 100 000 rpm (TLA 120.2 rotor) for 5
where the contribution to the fluorescence signal is negligible min at 37°C in a Beckman Optima TLX ultracentrifuge.
(22). To verify that its interaction with the lower affinity = The pellets were washed with warm nucleotide-free buffer
binding sites with GDP-tubulin is also negligible, we repeated (10 mM sodium phosphate buffer at 3€), resuspended in
titrations with the tubulin-colchicine complex. The emis-  this buffer, and then the nucleotides were extracted as
sion fluorescence intensities of the GDP-tubtlaolchicine- described above. The supernatants were treated as described
ligand complex at 460 nmil{x. = 380 nm) were subtracted in the previous paragraph.
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Ficure 1: The solid lines are turbidimetrically monitored time courses of polymerization of GDP-tubulin (1.86 mg/mL) in PEDTA buffer,

1 mM GDP, and 12 mM MgGlin presence of (a) no drugs, (b) 0.1 nftsomer, (c) 0.1 mM colchicine, (d) 0.1 m&isomer. The dashed

lines represent the polymerization induced3igomer (0.1 mM) with 1.58 mg/mL-+ —) and 1.21 mg/mL (- - -) tubulin. The reaction was
started by warming the samples to 37. After 30 min, the samples were cooled to°ID At the times indicated by “//”, the samples were
placed in ice for 50 min. Inset A shows the magnesium concentration dependence of the abnormal polymers formation from 2.1 mg/mL
tubulin with 0.1 mM Sisomer and 8 mM (a), 10 mM (b), 12 mM (c), and 14 mM (d) MgQhset B shows the protein concentration
dependence of the formation of abnormal polymers in presence of 0.5iisbmer at 37°C.

Sedimentation Velocity All sedimentation velocity ex-  presence of GDP bound the E-site of tubulin on the formation
periments were performed in a Beckman Model E analytical of these structures. We checked the effect of Raeand
ultracentrifuge equipped with electronic speed control and Sisomers and colchicine on GDP-tubulin. Figure 1 shows
RTIC temperature control. In the absence off¥dgdentical the turbidimetric time course of polymerization of GDP-
samples of GDP-tubulin (37 mg/mL) with and without tubulin in PEDTA buffer, 12 mM Mg at 37 °C, with
ligand were run simultaneously in double-sector cells in a colchicine and theR- and Sisomers. GDP-tubulin is
Beckman An-D rotor at 60 000 rpm at 2C. normally inactive for abnormal polymerization (trace a), but

The Mg*-induced self-association of GDP-tubulin or we observed an increase in the turbidity at 475 nm with*10
GDP-tubulin-colchicine complex was examined in 10 mM M S-isomer (trace d). Neither thB-isomer (trace b) nor
sodium phosphate buffer, ImM EDTA, 1 mM GDP, and 12 colchicine (trace c) had this effect. For tReisomer, no
mM MgCly, pH 6.60. GTP-Mg-tubulin or GTP-Mg-tubu-  polymerization was observed even with 5 mg/mL tubulin at
lin—colchicine complex were examined in 10 mM sodium 42 °C (data not shown).
phosphate buffer, 0.1 mM GTP, and 16 mM Mg@H 6.55. The assembly induced by th&isomer was partially
Under these conditions, bimodal sedimentation profiles were yeyersible by cooling the sample to PZ. A complete
obtained. The two peaks reflect the sedimentation bound-gepolymerization was obtained after incubation of the
aries of a reversible associating system between tubulingamples during 50 min at-84 °C. Furthermore, addition
dime_rs and ri_ngs](O—lZ). Identical samples_ of tubuli_n Or  of 1 mM GTP at the steady state of the GDP-tubulin
tubulin—colchicine complex (614 mg/mL) with and with-  555empbly process followed by a decrease in the temperature
out R- and Sisomers were run simultaneously in double- 4 12°C induced a complete drop in turbidity (not shown).
sector cells in a Beckman An-D rotor at 48 000 rpm at 20 These observations indicate that the incomplete depolym-
°C. The bar angle was 80n all measurements. erization observed at 1ZC (Figure 1) did not result from
RESULTS the presence of large irreversible tubulin aggregates, and that

the polymers formed in the presence of GTP are more cold

Effect of the Nucleotide Bound to Tubulin E-Site on the sensitive than those formed in the presence of GDP. As with
Formation of Abnormal Polymers Induced by the d&d GTP-Mg-tubulin, the formation of abnormal polymers in-
Sisomers. Both R- andSisomers induced the polymeriza- duced bySisomer with GDP-tubulin was characterized by
tion of purified GTP-Mg-tubulin into abnormal polymers in  a lag time, a magnesium concentration dependence (inset A
glycerol-free buffer with 16 mM Mg (23). This is a of Figure 1). The critical concentration of GDP-tubulin was
characteristic of the interaction of colchicine and its analogs 1 mg/mL at 12 mM Mgd] (inset B of Figure 1), 2-fold
with GTP-Mg-tubulin (see the introductory portion of this higher than that obtained with GTP-Mg-tubuliga3j. It
paper). It seemed of interest to study the effect of the remained practically unchanged even for a 2-fold lower
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Ficure 2: (A) Characteristic electron micrograph of abnormal polymers induced bgtbemer from GTP-Mg-tubulin (PG buffer, 16
mM MgCl, at 37°C). The bar represents 50 nm. (BJsomer-induced abnormal polymers assembled from GDP-tubulin (PEDTA buffer,
1 mM GDP, and 12 mM MgGlat 37°C). The bar represents 71 nm.

concentration of-isomer, suggesting that tf&isomer has 29 ’ ' ' '

a high affinity for the GDP-tubulin polymer.
Electron microscopy of the polymers formed from GTP- 2.0 .
Mg-tubulin (Figure 2A) or GDP-tubulin (Figure 2B) with
10+ M Sisomer showed poorly defined filamentous sheet
structures in both cases, similar to the polymers formed from < -3
GTP-Mg-tubulin in presence d®-isomer (data not shown;
see ref23). Thus, theSisomer is the only colchicine-site
ligand known to induce the assembly of GDP-tubulin. Faced
with this observation, we then concentrated on the mecha-
nism of formation of these structures and the role of ~ o5} -
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Formation of Abnormal Polymers and GTP Hydrolysis. b

In the presence of colchicine and with a low concentration %%, 20 0 80 20 100

of GTP, GTP-Mg-tubulin first polymerized into abnormal Time (min)

polymers and then depolymerized (Figure 3, trace b). This Figure 3: Polymerization of tubulin in 10 mM sodium phosphate

depolymerization was probably due to an accumulation of buffer, 20uM GTP, 16 mM MgC} at 37°C, induced by no drug

inactive GDP-tubulin, in agreement with the results of (trace a), 3uM colchicine (trace b), 3%M R-isomer (trace c)

Saltarelli and Pantalonil@). For theR- and Sisomers,  @nd 35«M Sisomer (trace d). The protein concentration was 2
N . mg/mL. At the time indicated by the arrow, the samples were cooled

however, no depolymerization was observed at@{Figure t0 10°C.

3, traces ¢ and d). At this stage, two hypotheses can be

made: (1) there is no GTP hydrolysis during the formation mol of GTP hydrolyzed (mol of tubulin} min=* (21)]. This

of abnormal polymers induced by tife andS-isomers and offered an explanation for the lack of depolymerization

(2) the hydrolysis of GTP was slower for the- and observed with the isomers (Figure 3, curves ¢ and d), since

Sisomers than for colchicine. To distinguish between these there is a substantial amount GTP which has not yet been

hypotheses, we measured the nucleotide present in thehydrolyzed. In the case @&isomer, some polymers with

solution during the formation of abnormal GTP-Mg-tubulin  GDP-tubulin must be formed, accounting for the difference

polymers in presence & andSisomers (Figure 4, panels in intensity of the cold-induced depolymerization for fRe

A and C). We observed an increase in GDP and a decreaseind S-isomers.

in GTP concentrations, proving the presence of GTP hy- To further characterize the mechanism of formation of

drolysis. The net rates with thB- and Sisomers were  abnormal polymers induced by tlR and S-isomers, we

0.0028 + 0.0007 and 0.0092+ 0.0003 mol of GTP separately determined the amounts of GTP and GDP in the

hydrolyzed (mol of tubulin)t min~1, respectively (see polymers (Figure 4, panels B and D) and in the solvent as

Materials and Methods), slower than that of colchicine [0.016 described in Materials and Methods. GTP and GDP in the
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Ficure 4: HPLC quantification of the amount of GTP and GDP during the formation of abnormal polymers induced by (Rlisoivier

(A, B) andSiisomer (C, D) in PG buffer, 16 mM Mgght 37°C. During the polymerization process, aliquots of GTP-Mg-tubuling/§

were removed at different times and centrifuged to separate the polymers from the medium. Left panels represent the time course of
variation of GTP @) and GDP Q) found in the total reaction mediurw, represents the sum of GTP and GDP. Dashed lines in panel C
represent the time course of nucleotide variation in absence of ligands. Right panels show®)GAmi (GDP Q) time course in the
polymers (pellet) with 0.1 mMR- (B) or S (D) isomer.

supernatant (not shown) varied linearly with time, similarly sedimentation pattern of GTP-Mg-tubulin (Figure 5A) and
to the previous experiment (Figure 4, panels A and C). This GDP-tubulin (Figure 5D) became bimodal, the region
linear time dependence of the amounts of GDP and GTP, asbetween the peaks never reaching the base line, which is
well as the independence with tubulin concentration (data characteristic of a Gilbert self-association systé&f).( This

not shown), demonstrated that the GTP hydrolysis was notbimodal sedimentation profile is an indication of formation
linked with the formation of abnormal polymers induced by of larger size species, the double rings (note, however, that
104 M R- and Sisomers, which is a highly cooperative the two peaks as such are not tubulin dimers and rings, but
phenomenon characterized by a sigmoidal time course andsedimentation boundaries of this reversible associating
the presence of a critical tubulin concentration. When the system). As expected, GDP-tubulin had a much stronger
steady state was reached (about 10 min), the amounts of GTRropensity (hypersharp appearance of the fast moving
and GDP in the pellet remained constant (Figure 4, panelsboundary) to form double rings than did GTP-Mg-tubulin
B and D). This observation indicated that the GTP site was (Figure 5, panels A and D). In presenceRisomer, the
accessible in the polymer as well as in the soluble dimer. In area under the rapid peak decreased and the area under the
summary, GTP hydrolysis and an exchange of nucleotide slow peak increased. This is most simply interpreted as an

take place during the abnormal assembly induce&-+gnd inhibition of the tubulin association leading to ring formation,
Sisomers, which are dissociated from the polymerization both for GTP-Mg-tubulin (Figure 5A) and GDP-tubulin
process. (Figure 5D). In similar experiments with tt&isomer, the

Effect of R- and S-Isomers on the Tubulin Self-Association bimodal sedimentation profile disappears with GTP-Mg-
Induced by M§". Tubulin can undergo Mg- induced self- tubulin (Figure 5B) and the area under the rapid peak largely
association leading to typical structures other than bidimen- decreases with GDP-tubulin (Figure 5E). Note that the
sional microtubule-like polymers; these are the 42 S double accompanying decrease in the area of the slow peak in Figure
rings (see the introductory portion of this paper). Colchicine 5B is also consistent with large polymers being pelleted out.
very slightly enhances the strength of the intertubulin bonds In fact, in the presence &isomer at 20C, GTP-Mg-tubulin
in the self-association of tubulin dimers into ringH). Since was able to form abnormal polymers with a critical concen-
the R- and S-isomers bind overlapping the colchicine site, tration of about 4 mg/mL. In conclusion, ti&isomer was
we concentrated our attention on the effects of the two a more potent inhibitor of ring formation than tReisomer
enantiomers on this second mode of tubulin self-association.irrespective of the GDP or GTP nucleotide bound to the
Above a given concentration of tubulin and magnesium, the E-site.
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Ficure 5: Effects of the presence of th® and S-isomer on the tubulin self-association leading to double ring formation. Sedimentation
velocity profiles of (A) GTP-Mg-tubulin (12.5 mg/mL) in PG buffer, 16 mM MgCin presence (upper) or in absence (lower) of 0.1 mM
R-isomer, (B) GTP-Mg-tubulin (13.5 mg/mL) in the same conditions in presence (upper) or in absence (lower) of Gisamver. The
photograph was taken 12 min after reaching speed. Sedimentation velocity profiles (D) of GDP-tubulin (7.8 mg/mL) in PEDTA buffer
containing 12 mM MgGland 1 mM GDP, in presence (upper) or in absence (lower) of 0.1Rnsdmer. The photograph was taken 8 min

after reaching speed. Sedimentation velocity profiles (E) of GDP-tubulin (7.5 mg/mL) in the buffer described above in presence (upper) or
in absence (lower) of 0.1 mM&isomer. The photograph was taken 16 min after reaching speed. Sedimentation velocity profiles of (C)
GTP-Mg-tubulin-colchicine (14 mg/mL) and (F) GDP-tubutirtolchicine (7 mg/mL) complexes in presence (upper) and in absence (lower)

of 0.1 mM S-isomer. The photographs were taken 12 min after reaching speed. Runs were performed at 48 000 faAmsetdd®entation

was left to right.

-
+ e

The R- andSisomers bind to tubulin at one high-affinity andSisomers, respectively. These results demonstrated that
site (colchicine site) and to several low-affinity site2) neither isomer induced significant self-association of the
To verify that the inhibition of ring formation did not result  GDP-tubulin heterodimer, therefore, permitting the measure-
from enantiomer binding to this second class of sites, we ment of their intrinsic binding under identical solution
investigated the effect of both isomers on ring formation with conditions.
the tubulin—colchicine complex. Neither thig-isomer nor Binding of theR- andS-isomers quenches the tryptophan
the Sisomer were able to significantly inhibit the ring tubulin fluorescence and increases the ligand fluorescence
formation from GTP-Mg-tubulir-colchicine (Figure 5C) and by energy transfer. These two properties were used to
GDP-tubulin-colchicine (Figure 5F) complexes. Thisresult determine their apparent equilibrium constants of binding
indicates that the inhibition of ring formation by both isomers to GTP-Mg- and GDP-tubulin (Materials and Methods). The
is due to binding to the high-affinity site. guenching of the intrinsic protein signal by tfeisomer

Binding of R- and S-Enantiomers to GTP-Mg- and GDP- (Figure 6A) indicated a marked decrease in the affinity for
Tubulin in Mgt Free Buffer. The results above show that GDP-tubulin relative to GTP-Mg-tubulin. This was less
the behavior of the two isomers differs with the nucleotide pronounced for th&isomer (Figure 6B). To compare these
used. We wondered whether the affinity of these isomers effects, the apparent association constants of the two isomers
for the different conformations of the tubulin heterodimer for both tubulin preparations are summarized in Table 1 as
would also differ. It was necessary to establish whether the K, ratios. TheS-isomer showed a-12-fold decrease in its
binding reaction is independent of proteiprotein interac- apparent affinity constant for GDP-tubulin relative to GTP-
tions. In magnesium free buffer, the& and Sisomers Mg-tubulin. More interestingly, th&-isomer had a 34-
induced no self-association of GTP-Mg-tubuli22]. We fold decrease (Table 1). When 1 mM GTP and 2 mM MgClI
verified the association state of GDP-tubulin in the presence were added to GDP-tubulin in the 1 mM EDTA-containing
of those compounds by comparative sedimentation velocity buffer, to back-exchange GTP in the E-si8g); an apparent
measurements. The sedimentation velocity profiles of GDP- affinity constant similar to that found for GTP-Mg-tubulin
tubulin in the presence d&- and Sisomers consisted of a  was obtained for th&-isomer (Table 1). This confirmed
single symmetrical peak withow =5 S at 5 mg/mL tubulin that the variation in the affinity of th&-isomer was linked
(not shown). Moreover, the incremems,y,in the presence  with the nature of the nucleotide in the E-site. Addition of
of these ligands (1@ M) were only 0.05 and 0.07 S fd®- 1 mM GTP to GDP-tubulin without Mg (a control without
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Table 1: Comparison of MTCR- and S-Isomer Binding to GDP- and GTP-Mg-Tubulin at 26

procedure ligand parameter Kax 10P2 (M) ratic

quenching R Ka(GDP) 0.294+ 0.05
Ka(GTP) 1.13+ 0.57

Ka(GTP)Ka(GDP) 40+£2.7

Ka(GTP)K.(GDP— GTP) 1.0+ 0.7

Ka(GTP)Ka(GDP)+ GTP 3.0+£1.2
S Ka(GDP) 1.51+ 0.64
Ka(GTP) 2.53+ 0.66

Ka(GTP)Ka(GDP) 1.7+1.2

Ka(GTP)K.(GDP)+ GTP 1.7+ 0.9
MTC Ka(GDP) 0.31+ 0.07
Ka(GTP) 0.32+ 0.06

Ka(GTP)Ka(GDP) 1.0+ 0.4
ligand fluorescence R Ka(GDP) 1.67+ 0.42
Ka(GTP) 5.00+ 0.13

Ka(GTP)K.(GDP) 2.6+£0.7

Ka(GTP)K4(GDP— GTP) 1.0+ 0.4

a Average value of three independent determinati®sierage value of the ratios of three independent determinations in which both samples
were titrated in parallel.

— employing the increase in the ligand fluorescence promoted
A by the formation of the complex. As in protein quenching
titration experiments, we observed a decrease ifRils®mer
affinity for GDP-tubulin relative to GTP-Mg-tubulin (ratio

= 2.6). After nucleotide back-exchange (GBPGTP), the
ratio reached 1, confirming again that the variation in
R-isomer binding was related to the nucleotide in the E-site.

The R- and S-isomers also bind to several other lower
affinity sites @2). To verify if the difference in the apparent
binding constants results from their binding to the high
affinity site (the colchicine site), we investigated the binding
of the R-isomer to the tubulircolchicine complex. The
titration of GDP-tubulin-colchicine with various concentra-
tions of R-isomer gave the same fluorescence emission values
180 . , ; . . . as with GTP-Mg-tubulir-colchicine (data not shown). This
indicated a nucleotide-independent behavior of the lower
affinity binding sites and proved the involvement of the high-
affinity binding site in the differences observed (Table 1).

The direct gel chromatography procedure of Hummel and
Dreyer 82) was also employed to examine the equilibrium
binding of theR-isomer to GTP-Mg- and GDP-tubulin. This
technique allows the measurement of the bound and free
ligand. For a subsaturating concentrationRafsomer (14
uM, free concentration), this interaction was characterized
by a binding (R-isomer bound]/[protein]) of 0.94% 0.014
and 0.869t 0.015 for GTP-Mg-tubulin (8.8aM) and GDP-
tubulin (7.63uM), respectively. These values confirm that
A ) ) . ... the stoichiometry is unitary, that is, the weaker binding of

IGURE 6: Representative protein fluorescence quenching titration . . .
curves of the interaction d®-isomer (A) andS-isomer (B) with (5 theR-isomer to GDP-tubulin observed with the fluorescence
uM) GTP-Mg-tubulin @) and GDP-tubulin®) at 25°C. The points methods is due to a reduction of the binding affinity. In
represent experimental data and solid lines the fitted curves (seefact, these single-point binding data were compatible with

Materials and Methods). For thieisomer K, values were (1.23 equilibrium constants yielding a ratio of &fepp)= 0.5 x
0.18)x 10 M~ (n = 0.93+ 0.04 andFnx = 70.30+ 0.70) and 106 M-! and K = 1.2 x 10° M1, similar to the
(3.43+ 1.73) x 10° M1 (n = 1.00+ 0.16 andF . = 69.69+ a(GTP) : '

6.13) for GTP-Mg-tubulin, and GDP-tubulin respectively. For the fluorescence measurements.

Sisomer,K, values were (3.05 0.84) x 10° M~ (n = 0.88+ Finally, to compare the behavior of both enantiomers with
00 e 2005 072 a0 (2% 020) AT L0 that of colchicne and ts analogues, we determined the
GDP-tubulin, respectively. affinity of binding of the bicyclic analogue of colchicine
MTC to GTP-Mg- and GDP-tubulin. This compound had
back-exchange) did not modify the binding constants (Table the same affinity constant for the two tubulin preparations
1). (ratio = 1, see Table 1). The difference in the binding
Since the apparent affinity constant Rfisomer was the  constant depending on the nucleotide and cation found in
more nucleotide sensitive, we did similar experiments the E-site of tubulin seems to be a characteristic ofRhe
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and S-interactions with tubulin, which behave differently
from the colchicine structural analogue MTC.

DISCUSSION

Preferential Binding of the Rand S-Isomers to the Aot
Conformation of Tubulin. The R- and Siisomers bind to
tubulin on the3-subunit, overlapping with colchicine binding.
However, the colchicine site is more than 24 A from the
E-GXP-site 88). Any difference in the recognition of the
R- and Siisomers by tubulin liganded to GTP or GDP in
Mg?*-free buffer must be due to an allosteric effect. We
propose the following as the simplest scheme in which
conformation and ligand binding equilibria are linked to
explain such differences.

In Scheme 1, T and'Tare two different conformations of

the protein, and X represents the ligand. The dashed lines

are shown only to indicate the self-association behavior of
the system with added magnesium, to be discussed later. |

complex, which impliek;K; = K3K4. The apparent binding
affinity constant ifapp= [TX] +[T"XJ/([T] +[T'D[X]. It can

be expressed as a function of the microscopic constiégys,

= K; + KK3/(1 + Ky). Therefore, the apparent binding
which is measured may be substantially different from the
intrinsic binding, because of the displacement of the con-
formational equilibrium. For such linkage effect to occur,
K1 must be different fronkKs;. By model definitionK; and

Kz are intrinsic affinity constants of ligand binding to the
two forms of tubulin T and T These constants are
characteristic of the ligand and nucleotide independent.
Thus,Kyete)= Kiepr)= K1 andKsere)= Ksepry= Ks. By
contrast,Kxctr) = Kocpp) and Kaetr) = Kacpry FoOr each
isomer, we determined the value offor GTP-Mg-tubulin
and for GDP-tubulin. It holds that

Kiop= 1+ Kyp(Ko/K /L + Kye 1)
Koop= 1+ Kup(Ky/K)/1 + Kyp 2)
T D __
Kam! Kapp -
(l + K4T (K3/Kl) (l + K4D))/(1 + K4D(K3/K1) (l + K4T))
3

where T and D stand for GTP and GDP, respectively.
the case of a positive linkagkz > K; andKy/K; >1. Then
KiodKapp > 1 implies thatksr(Ks — Ky) > Kap (Ks — Ky).
Since Kz — Ky > 0, Ks1 >Kgp. Since KiKs = K3Kg, at
constanK;Ks, K41 > Kyp implies thatk,r > Kyp. For both
isomers, but mainly for th&-isomer, we observed a lower
apparent affinity constant for GDP-tubulin than for GTP-
Mg-tubulin. As described above, this implies th&tr >
Kzop andKyr > Kgp.  The severalfold larger effective affinity
of the apparent binding d®-isomer to GTP-Mg-tubulin than
to GDP-tubulin indicates that the intrinsic conformational
equilibrium constant of formation of the more actively

Barbier et al.

binding species is severalfold larger for GTP-Mg-tubulin than
for GDP-tubulin. We propose that T anddre, respectively,

the “straight” active conformation of tubulin and the “curved”
inactive conformation described by Shearwin et &6)(In

the presence of a high concentration of magnesium, T
assembles into microtubules or abnormal polymers, whereas
T' associates to form double rings.

The value of the binding constants of tReandS-isomers
in this work (Figure 6 and Table 1) was slightly different
from those determined by Leynadier et aR2). This
discrepancy can probably be attributed to the different
methods of inner filter effect correction and of affinity
constant analysis employed. However, this does not affect
the purpose of the present measurements, which is to
compare GTP-Mg-tubulin with GDP-tubulin, ari® with
Sisomers.

The nucleotide back-exchange raises the binding affinity
constant of theR-isomer back to that of GTP-Mg-tubulin.
This increase indicates that a magnesium ion in proper
coordination with the/-phosphate of the E-guanine nucleo-
tide site is required to produce the conformational switch of
tubulin from the inactive ground state to active forfr6y,

Comparative experiments done with the bicyclic analog
of colchicine, MTC, showed that identical binding constants

this scheme, there are two pathways leading to the same T;(\t/vere obtained for GTP-Mg- and GDP-tubulin, demonstrating

hat the tubulin conformational change does not affect the
interaction of MTC. To our knowledge, tHe-isomer and,
less so, th&-isomer are the first probes known to distinguish
between the two conformations of the tubulin heterodimer.

Inhibition by the R- and S-Isomers of the Mgnduced
Tubulin Self-Association Leading to Double Ring Formation.
Tubulin is able to associate into different structures, including
microtubules 89, 40), double rings 10, 11), sheets, spiral
ribbons, and abnormal filamentous polymers. While the last
three structures require the binding of exogenous ligands such
as Zrtt, vinca alkaloids, or colchicine, respectively, the first
two require M@t ions. Actually, microtubules and rings
are formed under similar solution condition®). In fact,
the structure of the final polymer is controlled by the strong
binding of one magnesium ion to GTP-tubulin in the
“straight” conformation, which displaces the equilibrium
from the ring-forming state to the microtubule-forming
conformation 16). We have demonstrated that tReand
Sisomers inhibit ring formation. This could be directly
linked, on the one hand, with an inhibition of the closing
step, and/or on the other hand, with a decrease in the value
of the equilibrium constant of the M¢rinduced isodesmic
self-association process. An in depth understanding of the
linkages involved in the inhibition of ring formation from
GTP-Mg- and GDP-tubulin by thB- andS-isomers and the
confirmation of the stronger effect for th&isomer will
require quantitative studies of the linkage between the
binding of the two isomers and the tubulin association
processes. However, the inhibition effect supports the
conclusion that thd&R- and Sisomers bind preferentially to
the active conformation of tubulin induced by GTP-Mg
binding.

Induction of Abnormal Polymerization of GDP-Tubulin
by the S-Isomer.Only the Sisomer induced the formation
of abnormal polymers from the 1:1 GDP-tubulin complex.
Comparison of the abnormal polymerization of GTP-Mg-
and GDP-tubulin in presence of this isomer indicates that
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(1) the polymers formed with GDP-tubulin are more cold- strongest value of the dihedral angle between the phenyl
stable than those formed with GTP-Mg-tubulin and (2) the group and the pyridopyrazine rin§1). These two observa-
poorly defined filamentous polymers are similar with GDP tions have been interpreted as revealing a different localiza-
or GTP at the E-site. For tH&isomer, the variation in free  tion of the two isomers in the binding site, tRésomer being
energy change resulting from abnormal polymer growth was more anchored in the binding locus. This agrees with the
favorable to GTP AAGgppctr-cpr = —1.7 kmot? K1), stronger influence of the tubulin conformation on the binding
For the R-isomer, this difference in free energy change is affinity of the R-isomer. This important result indicates that
larger, and it is impossible to calculate because of the absencéoth isomers, and especially thHeisomer, are able to

of observable polymer formation from GDP-tubulin. This distinguish between the active “straight” and the inactive
is consistent with theSisomer being a more powerful “curved” conformation ofaj-tubulin dimer, providing a
inhibitor of ring formation from GDP-tubulin than the molecular probe for recognition of the two tubulin conforma-
R-isomer. tions. Also, it is important to note that tf&isomer has an

Some other ligands are able to induce the self-assemblyCriginal behavior; indeed, we show that a colchicine-site
of GDP-tubulin. Paclitaxel and its semisynthetic side chain 1i9and can induce the polymerization of GDP-tubulin into
analog docetaxel induce assembly of inactive GDP-tubulin filamentous structures. This characteristic was reserved to
into microtubules 29). In the presence of zinc ions, (1€ taxoids, which induce GDP-tubulin polymerization into

protofilaments form and aggregate into antiparallel sheets Microtubules9). Itappears that the mechanisms of action
even with GDP at the E-site4l). The formation of of b_oth enantiomers differ from those of colchicine and
microtubules or colchicine-induced abnormal polymers needs Paclitaxel.
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