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Abstract: The most widely used molecules in cancer chemotherapy are Vinca-alkaloids and Taxoids, numerous chemists
attempted the synthesis of analogs which bind to their well-known tubulin pharmacological site. Unfortunately, tumors
develop resistance to these compounds; therefore the definition of anchoring points and potential binding sites for new
drugs on tubulin is of major interest. Caulerpenyne (Cyn), the major secondary metabolite synthesized by the green ma-
rine alga Caulerpa taxifolia could be one of these drugs, since it inhibits the assembly of tubulin and MTP (Barbier et al.,
2001). We observed that the tubulin-Cyn complex is poorly reversed. Cyn did not bind to sulthydryl groups and the meas-
ure of the extent of binding is 1.6 + 0.2 suggesting two potential binding sites. Then, we demonstrated by competition
measurements that Cyn did not interact to colchicine, Taxol® and Vinca-alkaloid binding domain. Finally, mass spectro-
metric analysis of proteolytic cleavage of tubulin-Cyn complex demonstrated that Cyn did not bind covalently to tubulin

and evidenced two good candidate regions for Cyn binding, one on a-tubulin and the other on B-tubulin.
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INTRODUCTION

Most algae of Caulerpales order live in tropical area.
Caulerpa Taxifolia, a marine tropical alga was introduced in
the Mediterranean in 1984 [1]. For 20 years, it colonizes
several thousands hectares along Mediterranean coast. From
this alga nine secondary metabolites were isolated [2] bear-
ing a common functional group, the terminal 1,4-diacetoxy-
butadiene moiety responsible of their biological activity [3].
Our study focus on the principal one, caulerpenyne (Chart 1),
which has been first isolated from the Mediterranean alga C.
prolifera, [2]. Caulerpenyne has antibacterial and antineo-
plastic activities [4]. It alters ATP-dependent Ca”" storage in
intracellular organelles, protein phosphorylation, and DNA
synthesis [5]. Its cytotoxicity has been demonstrated in sev-
eral tumor cell lines [6,7]. Caulerpenyne inhibits SK-N-SH
cell proliferation without any blockage in G2/M phase and
enhances cell death. In this cell line, caulerpenyne induces a
loss of neurites and a compaction of the microtubule network
at the cell periphery [7]. These modifications are unique and
not observed with the classical antimitotic agents, which
stabilize or disrupt microtubule formation. Among these
agents, taxoids stabilize microtubules into non-functional
bundles [8] whereas Vinca-alkaloids disassembled microtu-
bules and induced the formation of paracrystals at higher
concentrations [9]. Moreover, caulerpenyne induces the in-
hibition of microtubule assembly [7]. There are two major
differences, between caulerpenyne and classical microtubule
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inhibitors. First, the half inhibitory concentrations of cauler-
penyne (51 uM for MTP: tubulin plus microtubule-associ-
ated proteins and 20 uM for pure tubulin) are much higher
than those of colchicine, podophyllotoxin, vinblastine, or
dolastatin 10 [10-13]. Second, pre-incubation with the pro-
tein is necessary to obtain an effect. However, Caulerpenyne
induces a large cold-irreversible aggregation of tubulin and
bundling of microtubules, as demonstrated by electron mi-
croscopy [7]. This aggregation is not limited by the presence
of microtubule associated proteins in the case of MTP as-
sembly and it is reminiscent of microtubule bundling de-
scribed in vitro [14]. Moreover, (—)-caulerpenyne (Cyn) the
synthetic isomer of natural (+)-caulerpenyne shows an in-
hibitory effect of microtubule assembly in vitro with a half
inhibitory concentration of 14 +2 uM [3].

To understand the mechanism of action of the new phar-
macological agent caulerpenyne, we performed turbidimetry,
fluorescence spectroscopy and analytical ultracentrifugation
experiments on tubulin-cyn complex in presence of colchi-
cine, Vinca-alkaloids analogues and taxol®. As shown by gel
filtration assay two Cyn molecules bind to o—f tubulin di-
mer; the two candidate regions for Cyn binding, distinct from
known anti-tubulin agents, were determined by MALDI-
TOF and nano LC ESI mass spectrometry. One is on o-
tubulin and the other on -subunit.

RESULTS

Cyn Binding: Sulthydryl Groups and Extent of Binding
to Tubulin

Microtubule formation is inhibited by inorganic sulfhy-
dryl blocking agent such as cis-dichlorodiamine-platinum

© 2009 Bentham Science Publishers Ltd.
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[15], oxaliplatin (P. Barbier personal data) and arsenic triox-
ide [16]. In these cases, tubulin and ligand are incubated at
37°C to observe their microtubule formation inhibitory ef-
fects in vitro. With Cyn, similar behavior was observed so
we suspected a possible covalent binding of Cyn to free sulf-
hydryl groups of tubulin. Tubulin, a heterodimeric protein
(aB), has 20 cysteine residues, 12 in theo subunit and 8 in
the B subunit, some of them are directly involved in the as-
sembly process [17; 18]. In the present study, the number of
sulthydryl groups measured was 19.00 = 0.20 per tubulin
dimer. In presence of five to ten fold excess of Cyn, this
number became 18.80 + 0.20 even after 24h of incubation
between Cyn and tubulin. Consequently, the binding of Cyn
did not involve the sulthydryl groups of tubulin.

Binding of Cyn to tubulin seems to be a slow complex
phenomenon (an incubation time is necessary between Cyn
and tubulin to inhibit the formation of microtubule), not eas-
ily reversed. Indeed after a gel filtration (Sephadex G25) of a
tubulin-Cyn complex, the polymerization process could not
be recovered (data not shown). Therefore, we used this later
characteristic of tubulin-Cyn complex to study the interac-
tion between tubulin and Cyn. We examined by a gel filtra-
tion assay depicted in Materials and Methods the extent of
the binding of Cyn to tubulin. In presence of an excess (from
three to ten) of Cyn, the binding was characterized by mole
of bound ligand / mole of total tubulin (v) value of 1.60 +
0.20. This indicates that Cyn has two potential binding sites
to tubulin.

Cyn Binding and Taxol®-Induced Microtubule Forma-
tion

Fig. (1A), shows typical microtubules obtained with the
tubulin-Cyn complex in presence of stoichiometric amount
of Taxol®. The determination of the critical concentration
(Cr) of tubulin necessary to form microtubules with Taxol®”
in absence and in presence of Cyn is depicted in Fig. (1B).
The values were Cr = 1.1 £ 0.9 mg.mL™" and Cr = 1.7 £ 0.9
mg.mL" for tubulin and tubulin-Cyn complex, respectively.
Then, samples were centrifuged and the pellet and the super-
natant were analyzed by SDS-Page electrophoresis, to de-
termine the concentration of microtubule and free tubulin
(Fig. (1C)) For all samples, we did not observe any differ-
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ence between pellet and supernatant, indicating that Cyn did
not disturb the Taxol® tubulin assembly process. These re-
sults suggest that Cyn binding to tubulin does not affect the
interaction of Taxol""

Cyn Binding and Vinca-alkaloid Domain

Cryptophycin 52 (C52) which binds to the tubulin Vinca-
alkaloids site is known to induce ring-shaped oligomers de-
pendent on protein and drug concentration [19]. These oli-
gomers, composed of 9 tubulin dimers, were quantified by
analytical ultracentrifugation sedimentation velocity experi-
ment. We used this method to validate that whether Cyn
binds to the same domaine as C52, the ring formation should
be inhibited. Fig. (2A) shows the sedimentation coefficient
distribution of tubulin (10 pM) with and without an excess of
Cyn. The apparent sedimentation coefficient (S,,,) of tubulin
dimer was found identical in both cases and equal to 5.04 +
0.01 S. The only difference observed was the increase (14%)
in the amount of tubulin aggregation with an apparent sedi-
mentation coefficient of 8-9 S. This is consistent with our
previous results where we showed that Cyn induced tubulin
aggregation responsible for inhibition of microtubule forma-
tion and bundling of residual microtubules [19]. Fig. (2B)
represents similar experiment with C52. In this case, tubulin
(dark line) sedimented as a single species at a sedimentation
coefficient 15 S with a slight spreading shoulder at about §8-9
S. In presence of Cyn (dashed line) similar profile was ob-
served with a slight decrease in the 15 S compensated by a
slight increase in the 8-9 S amount. This observation is in
agreement with the increase of tubulin aggregation always
found in presence of Cyn. In conclusion, in presence of Cyn,
C52 binds to tubulin and induces its self-association into
rings suggesting that these two molecules do not share the
same binding domain.

Cyn Binding and Colchicine Domain

Two isomers of ethyl-5-amino-2-methyl-1,2-dihydro-3-
phenylpyrido[3,4-b]pyrazin-7-yl carbamate were extensively
studied in our laboratory [20-26]. Their binding on colchi-
cine site induces a quenching of tubulin tryptophanyl resi-
dues and an increase of ligand fluorescence by energy trans-
fer. We used the increase of R-isomer fluorescence to deter-
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Fig. (1). A- Electron microscopy of tubulin-Cyn in the presence of Taxol® and with 8 mM Mg*', showing microtubules and bundled micro-
tubules. The bar represents 500 nm. B- Plateau absorbance values as a function of the total tubulin concentration, tubulin alone (1) and in the
presence of Cyn (2) C- SDS-Page Gel electrophoresis analysis of the assembly induced by Taxol®: Pellets; lane 0 tubulin alone (15 pM),
lanes 1, 2, 3 tubulin with 50, 60, 120 pM Cyn. Supernatants; 0’ tubulin alone, lanes 1°, 2°, 3” with 50, 60, 120 uM Cyn. M is the molecular

mass marks.

mine its affinity binding constant to tubulin and tubulin-Cyn
complex. The data shown in Fig. (3) were analyzed as de-
scribed in Barbier ef al., [22]. We obtained an affinity con-
stant of (3.0 = 0.5) x 10° M for tubulin and an affinity con-
stant of (3 £ 1) x 10° M' for the Cyn-tubulin complex (mean
of three independent experiments). The presence of Cyn does
not modify the affinity constant of R-isomer indicating that
Cyn does not bind to colchicine domain.

With the results described above, we postulate that Cyn
could interact with tubulin on area distinct than Taxol®,
Vinca-alkaloids and colchicine binding domains.

Cyn Binding and Effects to the Structure of Tubulin

Mass spectrometry coupled with tryptic digestion was
used to analyze the conformational consequences of Cyn
binding to tubulin. First, we realized similar experiments and
analysis with the perfectly characterized tubulin-colchicine
complex. The crystallographic data (available in PDB, 1SA0)
of the structure, at 3.5 A resolution, of tubulin in complex
with colchicine and with the stathmin-like domain (SLD) of
RB3 has been determined and the colchicine binding site
localization has been specified [27]. A comparison with the
structure of tubulin in protofilaments shows changes in the
subunits of tubulin as it switches from its straight conforma-
tion to a curved one. Moreover, the tubulin—colchicine com-
plex sheds light on the mechanism of colchicine’s activity:

colchicine binds to a location where it prevents curved tubu-
lin from adopting a straight structure, which inhibits assem-
bly. By using PDBsum we compared the o—[ intradimer
contacts between 1FFX (tubulin in complex with the stath-
min-like domain without colchicine) and 1SAO (tubulin
liganded with colchicine and stathmin-like domain). Then,
we generated a molecular model showing the supplementary
contacts generated by the binding of colchicine to a tubulin
dimer (Fig. (4A)). All of the contacts were located on the o.-
tubulin side and near colchicine molecule in B-tubulin, and
they changed the o—f intradimer contacts. Since Colchicine
binding to tubulin is almost irreversible we could envision
that ligand binding to tubulin will disturb tryptic digest.
Therefore tubulin and tubulin-colchicine complex were di-
gested with trypsin. Tryptic peptides were identified by
MS/MS and profiles were compared using MALDI TOF
analysis (Fig. (5)). The Mass spectrometric signal corre-
sponding to several tryptic peptides showed a marked differ-
ence in intensity between the two conditions. These peptides
were located on o-tubulin: residues 84-105, 229-243, 308-
320 and on B-tubulin: residues 218-243 and 326-352. The
meaning of a modification in intensity of a tryptic peptide is
that the accessibility of K and R, the target amino acids of
trypsin, is modified. The caveat is that it is quite difficult to
know whether accessibility is modified at one end of the
peptide or the other or on another K or R if the peptide is
miscleaved. All K and R candidates are given in Table 1. In
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Fig. (2). (A) Sedimentation coefficient distribution C(S) of tubulin
(10 uM) in presence (dashed line) or in absence (line) of an excess
of Cyn. (B) Similar experiment in presence of 50 uM of C52. The
increase of species centered at 15S indicates C52 induced ring.

presence of colchicine, MS analysis revealed that as ex-
pected protein digestion is modified on the vicinity of the
drug binding site (Fig. (4B)) and also provides additional
modifications compared to X-ray analysis (Fig. (4A)) in o—
and B-tubulin. These modifications are probably coming
from allosteric modifications of the structure due to ligand
binding. The same analysis was conducted for tubulin-Cyn
complex. Peptide mass finger printing at 1h, and 16h of tu-
bulin-cyn complexes were similar with peaks obviously dif-
ferent from the digest of the tubulin alone. This is in agree-
ment with a slow dissociation process of the ligand. Com-
parison between the two samples revealed that Cyn disturbed
the accessibility of trypsin to various peptides in o-tubulin:
229-243, 244-264, 308-320, 390-401, 402-422 and 1-19, 20-
48, 63-103, 105-123 in B-tubulin (Fig. (4C)). However, we
did not detect masses corresponding to tubulin peptides with
Cyn or Cyn fragments, caulerpenyne binding to tubulin is
probably non covalent. Careful examination of the results
(Table 1) is helpful to distinguish between a potential bind-
ing site and allosteric modification of the structure. First,
R229, R243, R308, K310 and R320 (all in o-tubulin) could
be disturbed in both complexes (tubulin-colchicine and -
Cyn). These results suggested some steric effects due to pro-
tein stabilization by formation of a protein-ligand complex;
this trivial effect is independent of the ligand nature. There-
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Fig. (3). Fluorometric titration (emission at 460 nm) of 5 pM tubulin
(square) and 5 uM tubulin-Cyn complex ((black dot) with various
concentrations of the R-isomer. The solid line is the fit obtained as
described in Materials and Methods.

fore, these residues do not contribute to the ligand binding
site. Second, the modifications of K96 and R105 of o-
tubulin and K326 in B-tubulin in presence of colchicine are
known to be implicated in regular intradimer contacts with-
out any ligand. Similar results are obtained for K401, R402
in o-tubulin and for R2 in B-tubulin in presence of Cyn. Dis-
turbed lysines and arginines via potential close contacts with
Cyn were focused in two areas, one in o-tubulin (R264,
R390, K394 and R422) and the other in B-tubulin (K19, R48,
R79, R88, K105 and R123). These two regions are good
candidates for the binding site of Cyn. Moreover, this result
is in good agreement with the fact that Cyn has an extent of
binding equal to 1.6.

DISCUSSION

(+)-Caulerpenyne, the major metabolite from Caulerpa
taxifolia, inhibits microtubule assembly related to an antipro-
liferative activity on cell line SK-N-SH [7]. Cyn ((-)-
caulerpenyne), a synthetic isomer of caulerpenyne, share the
same effect on microtubule assembly, more important than
observed with (+)-caulerpenyne [3]. The aim of our work
was to understand the mechanism of binding between Cyn
and tubulin.

Drugs which require preincubation to inhibit assembly of
tubulin often bind to sulfhydryl groups. Cyn need incubation
with tubulin, however we found no difference between the
numbers of free sulfhydryl groups on tubulin and tubulin-
Cyn complex even after 24 hours incubation. Consequently,
Cyn does not react with thiol groups available on tubulin.

With competition experiments we examined the influence
of Cyn on Vinca-alkaloids and Colchicine analogues and
Taxol” binding to tubulin. Indeed, these three classes of
drugs are the most studied anti-microtubules molecules; they
are perfect tools to investigate drug action on microtubules
functions. As seen in the results section the competition
measurements with the R-isomer suggest that Cyn does not
overlap fully or partially the R-isomer site. As C52 binds to
tubulin in the vicinity of Vinca-alkaloid binding site [28-30],
we decided to compare Cyn and C52 binding. It is well
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Fig. (4). This figure was prepared with PYMOL. A: Comparisons
between 1FFX (without colchicine) and 1SAO (with colchicine), the
modified residues are in black balls for o-tubulin, in grey balls for
B—tubulin, DAMA-Colchicine is in CPK mode. B: Mass spectros-
copy study, comparison between tubulin and tubulin-colchicine
complex, only R (black balls) and K (grey balls) residues are
shown. C: Mass spectroscopy study, comparison between tubulin
and tubulin-Cyn complex, only R (black balls) and K (grey balls)
residues are mentioned.

known that the binding of C52 depends on tubulin concentra-
tion, and induces changes in the sedimentation pattern of
tubulin, which indicates that Cryptophycin 52 self-associates
tubulin in ring-shaped oligomers [19, 31]. In presence of
Cyn, we observed a decrease of 14 % in the amount of ring-
shaped oligomers and an increase of 16 % of tubulin aggre-
gation. This increase in aggregation in presence of Cyn is
also observed in absence of C52. So, binding of Cyn induced
a partial (mean of 15%) aggregation of tubulin which then
could mask the C52 binding site located in the interface be-
tween o and B subunit of two adjacent tubulin dimers. Cyn
binding domain do not overlap the Vinca-alkaloid one, how-
ever the aggregative potential of Cyn could decrease Vinca-
alkaloid binding on tubulin.

It has been clearly demonstrated that colchicine binding
to tubulin decrease the polymer stabilizing capacity of
Taxol® [32]. Therefore, it was very tempting to study the
effects of Cyn binding to tubulin in presence of Taxol®. Cyn
does not affect the tubulin assembly process in presence of

Bourdron et al.

Taxol” this indicating that Cyn does not overlap the stabiliz-
ing agent site. The fact that Taxol” overcomes the inhibitory
activity of Cyn indicates that Taxol” reduces the steric hin-
drance and the geometric strain generated by Cyn binding to
tubulin.

In summary our work highlights that Cyn could have two
potential binding sites. By competition measurements we
found that Cyn binding does not significantly implicate the
colchicine, Vinca-alkaloids and Taxol® binding domains. The
unique explanation is that this new pharmacophore (the ter-
minal 1,4-diacetoxybutadiene moiety of caulerpenyne ana-
logues) generate new productive contacts with loci in tubulin
not involved in binding sites of the major antimitotic drugs.

Since all the main antimitotic drugs induce structural
change in tubulin, we examine the consequences of Cyn
binding to tubulin by mass spectroscopy. Native tubulin and
tubulin-Cyn complex were proteolyzed under identical con-
ditions by trypsin and proteolytic fragments were analyzed
by MALDI-TOF and nano LC ESI-MS/MS. Cyn binding
induces new cleavage points in - and B-tubulin (Table 1).
The 3D maps of the proteolytic nicking points in presence of
Cyn permit to define two extend zones: one in the C-terminal
domain of the o-tubulin and the other in the N-terminal do-
main of B-tubulin. These two regions (Fig. (6)) do not over-
lap the colchicine, Vinca-alkaloids and Taxol® binding sites
which are in good agreement with the competition experi-
ments.

Since, Vinca-alkaloids and Taxoids molecules are ex-
tremely important in cancer chemotherapy, numerous chem-
ists attempted the synthesis of analogs which binds to their
well-known tubulin pharmacological site. Unfortunately,
tumors develop resistance to these drugs; it explains why the
definition of new anchoring points and potential binding
sites for new drugs on tubulin is crucial. Recently, Yoshida
et al. [33] showed that pironectin, a natural compound iso-
lated from streptomyces covalently binds to o-tubulin at
Lys352, and is effective not only against human tumor cell
lines resistant to microtubule-targeted drugs, but also on
multidrug-resistant cells with mdrl gene expression [33]. In
the same way, dicoumarol, an anticoagulant molecule, binds
to tubulin in an unknown site different than that of standard
antimicrotubule agent, stabilize microtubule and is synergis-
tic with Taxol® [34]. Our results with Cyn strengthen the
idea that developing new molecules which bind to other
pharmacological sites than Taxol® and Vinca-alkaloids on
tubulin is important. Such drugs could be combined in can-
cer chemotherapy.

EXPERIMENTAL SECTION
Drugs

(-)-caulerpenyne (Cyn) was synthesized as previously
described by Commeiras ef al. [3], dissolved in dimethylsul-
foxide (Me,SO) and stored at -20°C. Cyn concentrations
were measured spectrometrically in ethanol, with an extinc-
tion coefficient of 31000 M .cm™at 252 nm [2]. Cryptophy-
cin 52 (C52) was a gift from Eli Lilly and Co., through the
courtesy of Dr. Dan Williams, and was used without further
purification. Its concentration was determined spectrometri-
cally using an extinction coefficient of 2132 M".cm™ at 280
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Fig. (5). Peptide mass fingerprinting obtained by MALDI TOF of tubulin (A) and tubulin-colchicine complex (B).

nm [19]. NSC 613863 was a gift of Dr A. Rener [35] and we
measured its concentration using an extinction coefficient of
15400 M'.em™ at 374 nm. Taxol® was purchased from
Sigma (St Louis, MO). All the solutions were prepared in
Me,SO and stored at — 20 °C. The molecule structures are
shown in chart 1. All other reagents are analytical grade.

Table 1.

Tubulin Purification and Microtubules Assembly

Lamb brain pure tubulin was purified from brain soluble
extract by modified Weisenberg procedure consisting in
ammonium sulfate fractionation and ion exchange chroma-
tography [36]. Then, pure tubulin was stored in liquid nitro-
gen and prepared for use as described [37, 25]. Tubulin con-
centration was determined spectrometrically at 275 nm in 6

Comparison Between Tubulin and Tubulin-Colchicine and -Cyn Complexes. We only note the R and K Residues Impli-

cated in the Structural Changes. In Black R and K Residues Implicated in Regular Intradimer Contacts Between
o—Tubulin and B—Tubulin, Revealed by the Binding of Colchicine or Cyn. (¥) Accessibility of Amino-Acid Residues
Modified by Both Ligands. The 3D Structure of o.—p Tubulin Dimer Shows that R 264 is Near Residues R390, K394,
K401, R402, R422 Located in the C-ter Domain of ¢o.-Tubulin. The Underlined Amino-Acid Residues are Closed Together

in the N-ter Domain of B-Tubulin.

In PDB Code 1SA0 Tubulin Mass Spectroscopy Mass Spectroscopy
liganded with Colchicine vs. Tubulin vs. Tubulin-Colchicine Tubulin vs. Tubulin-Cyn
1FFX Tubulin without Colchicine
a-tubulin R 221 R 84 R 229%*
K 401 K 96 R 243*
R 105 R 264
R 229%* R 308*
R 243* K311*
R 308* R 320%*
K311* R 390
R 320%* K394
K401
R 402
R 422
B-tubulin R 164 K218 R2
K352 R 243 K19
K 326 R 48
K 338 R79
K 352 R 88
K 105
R123
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Fig. (6). Molecular modelling showing the two regions modified by
the binding of Cyn to tubulin. Protein originates from X-ray struc-
ture of its complex with DAMA-colchicine (between o-and B-
tubulin) and with vinblastine (encoded as 1Z2B in PDB). The
o—and B-tubulin (from left to right) was in grey ribbon representa-
tion. R and K residues represented by black balls were located on
the C-ter region of o-tubulin (CPK mode). R and K residues repre-
sented in grey balls were located mainly on the N-ter region of -
tubulin (CPK mode). This figure was prepared with PYMOL.

M guanidine hydrochloride (E 575 yn = 1.09 L.g'l.cm'l) or in
0.5 % sodium dodecyl sulfate in neutral aqueous buffer (E 575
am = 1.07 L.g™.cm™). The buffer solution used to form mi-
crotubules from pure tubulin consisted of 20 mM sodium
phosphate, 1 mM EGTA, 3.4 M glycerol, 0.1 mM GTP and 1
mM MgCl,, pH 6.9. After 35 min of incubation at 37 °C
with Cyn or Me,SO (control), the tubulin assembly was
started by addition of 9 mM MgCl, in a thermostated cuvette
(1 x 0.2 cm), and the mass of polymer formed was monitored
by turbidimetry at 350 nm in a Beckman DU 7400 spectro-
photometer. To determine the inhibitory effect, we calculated
the difference between the polymerization plateau value and
the depolymerization plateau value and expressed it in per-
centage of inhibition relative to the control.

Taxol” induced microtubule formation are done in 20
mM sodium phosphate buffer, 0.1 mM GTP, pH 7. Tubulin
with Cyn or Me,SO (control) was first incubated 35 min at
37 °C. Then microtubules formation was induced by adding
8 mM of MgCl, and a stoichiometric Taxol® concentration,
the mass of polymer formed was monitored by turbidimetry
and SDS-Page analysis. Taxol®-induced microtubules at dif-
ferent concentrations of tubulin with and without Cyn were
centrifuged at 125000 g during 8 min in a Beckman airfuge®
ultracentrifuge. The pellet and the supernatant (representing
the tubulin critical concentration for microtubule formation)
were then analyzed by SDS-Page.

Free Tubulin Sulfhydryl Concentration Determination

Determination of free SH on tubulin with DTNB (Sigma)
was used as described by Peyrot ef al. [15]. After 35 min of
incubation at 37°C, 0.1 mL tubulin (15 pM) with and with-
out 50 uM of Cyn solutions are mixed with 0.9 mL of a
buffer containing 20 mM NaPi, 6.4 M urea, | mM of DTNB,
pH 7.5. The formation of the thio-nitrobenzoate anion in-
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duced by DTNB reaction on the tubulin free sulfhydryl
group was measured at different times (0, 1 and 24 hours) by
absorbance at 412 nm using an extinction coefficient of
13600 M em'™.

Sedimentation Velocity

The experiments were done at 40 000 rpm and 20 °C in a
Beckman Optima XL-A analytical ultracentrifuge equipped
with absorbance optics, using an An55Ti rotor and 1.2 cm
Epon double-sector centerpieces. Apparent sedimentation
coefficients were determined by the sedimentation coeffi-
cient distribution C(S) generated by SEDFIT program [38].

Binding Measurements by Fluorometric Titration

The increase in NSC613863 ligand fluorescence due to
its interaction with tubulin was employed to estimate its
binding parameters in presence of Cyn. Tubulin or tubulin-
Cyn complex were titrated with various concentrations of
NSC613863. The fluorescence measurements were per-
formed with a Perkin-Elmer Luminescence Spectrometer 50
with slit widths of 5/5 nm monitored by an IBM PS2 com-
puter. Uncorrected fluorescence spectra were obtained by
using 0.2 (excitation) x 1 cm cells (Hellma) thermostated at
25 °C by a circulating water bath. Emission spectra (Aexc =
380 nm) was collected. After correction for the inner filter
effect, the fluorescence intensity values at 460 nm were plot-
ted versus R-isomer concentrations, and the binding parame-
ters fitted as described elsewhere in Barbier ef al. [22].

Electron Microscopy

Samples were adsorbed onto 200 mesh Formvar carbon-
coated copper grids, stained with 2% (w/v) uranyl acetate,
and blotted to dryness. Grids were observed using a JEOL
JEM-1220 electron microscope operated at 80 kV.

Measurements of the Stoichiometry of CYN to Tubulin
by a Gel Filtration Assay

Various concentrations of Cyn (30-50 uM) with tubulin
(4-10uM) were incubated 35 min at 37 °C in 20 mM sodium
phosphate buffer pH 7. Then, 500 pL of each samples (with
and without Cyn) were applied to and eluted through a Se-
phadex G25 column (1 x 15 cm) at a constant flow rate with
the same buffer. Absorbance measurements of the collected
fraction (500pL) were done at 252 nm in presence of Cyn
and at 276 nm for tubulin alone. Tubulin concentrations were
calculated with an extinction coefficient of 1.16 Lg'em™
(scattering-corrected absorbance in a neutral aqueous buffer).
The absorbance measurements at 252 nm were corrected for
the contribution of tubulin and then Cyn concentrations were
calculated using the above extinction coefficient of 31000
M .cm™at 252 nm.

Mass Spectrometry

Tubulin-colchicine complex was prepared as described
[39]. The dissociation of tubulin-colchicine complex is a
single first-order process with a net rate constant of 3.37 x
10° s at 25 °C [40]. Over the time of duration of the ex-
periments (1h) less than 2% of the initial complex was disso-
ciated. Thus the complex can be considered as “irreversible”.
The tubulin-Cyn complex was prepared by incubation 35
min at 37 °C of tubulin (80 uM ) with Cyn (200 uM), the
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complex was then passed through a Sephadex G25 chroma-
tography to remove the free Cyn and Cyn-tubulin aggregates.
The complex was diluted to obtain a tubulin concentration of
1 uM. Tryptic digestion and MALDI-TOF was performed as
described. 100 pL of 0.1 mg/mL of tubulin samples with or
without ligand were digested for 15min, 30 min, and 1 hour
or overnight (16 hours) using sequencing grade modified
porcine trypsin (12.5 ng/uL, Promega, Madison, WI). The
peptides were extracted, dried in a vacuum centrifuge, and
resuspended in 20 pL of 0.1% TFA. The peptide mixture
resulting from proteins digestion was analyzed using an Et-
tan pro MALDI time-of-flight mass spectrometer (Amer-
sham Biosciences, Uppsala, Sweden) in positive ion reflector
mode. 0.5 pL of the peptide mixture was cocrystallized on
the MALDI target with an equal amount of matrix solution
(5§ mg/mL of a-cyano-4-hydroxycinnamic acid in 50% ace-
tonitrile) in the presence of 0.5 % TFA. 500 laser shots were
averaged to obtain the final spectrum. Spectra were normal-
ized on the highest peak using the origin software. Spectra
with and without ligand were then compared using the pro-
genesis software (Nonlinear Dynamics Ltd, Newcastle upon
Tyne, UK). Three independent sets of experiments were ana-
lyzed. Peaks where compared using a simple subtractive
method: when peak height differed by at least 3 times and in
the three independent sets of experiment This drastic value
(none of the peak intensities in two similar experiments var-
ied by more than 30%) avoid false positives and only con-
sidered the most significant differences due to ligand bind-
ing.

LC-MS data sets were acquired with a liquid chromato-
graph (Ettan multi dimensional liquid chromatography (Am-
ersham biosciences) and electrospray ionization quadrupole
ion trap mass spectrometer (LCQ deca XPplus, Thermo Fin-
nigan, San Jose, CA). nano-scale chromatographic separa-
tions were performed with a reversed-phase column (Ag-
ilent, Zorbax 300SB C18, 150 x 0.075 mm column 3.5 pm)
and binary solvent system made up of 0.1% formic acid (sol-
vent A) and acetonitrile, 0.1% formic acid (solvent B). A
linear gradient program was used that changed the composi-
tion of solvent from 0% B to 46% B over a 90-min period at
a constant flow rate of 200 nL/min. An injection volume of 2
puL was used. Positive mode nano electrospray ionization
was performed using a capillary temperature of 200 °C, a
source voltage of 1.8 kV, a capillary voltage of 45 V, and a
maximum injection time of 200 ms. The LCQ was calibrated
using the manufacturer's tuning solution and tuned to opti-
mize the response of the ion at m/z 1046, which is derived
from the angiotensin II peptide. Full-scan mass spectra were
acquired over an m/z range of 400-1800 Da. Targeted
MS/MS analysis was performed using an isolation width of
2.5 m/z units and a relative collision energy of 35%. Tandem
mass spectra were directly submitted to bioworks (Thermo
Finnigan, San Jose, CA) or mascot searches for protein iden-
tification using the NCBI nr database.

Analysis of the 3D structures was done with PDBsum
(http://www.ebi.ac.uk/thornton-srv/databases/pdbsum/)
which provides an at-a-glance overview of every macromo-
lecular structure deposited in the Protein Data Bank (PDB),
giving schematic diagrams of the molecules in each structure
and of the interactions between them.
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ABBREVIATIONS

Cyn = (—)-caulerpenyne

Cs2 = Cryptophycin 52

DTNB = 5, 5’-dithio-bis(2-nitrobenzoate)

MAPs = Microtubule-associated proteins

Me,SO = Dimethyl sulfoxide

MTP = Tubulin plus microtubule-associated pro-
teins

PDB = Protein Data Bank
(http://www.rcsb.org/pdb/)

PGbuffer = 20 mM sodium phosphate-0.1 mM GTP,
pH7.0

MS/MS =  Tandem Mass Spectrometry

ESI = Electrospray lonization

LC = Liquid Chromatography

maldi-TOF =  Matrix Assisted LASER desorp-
tion/Ionization-Time Of Flight
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