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Abstract—Microtubule-stabilising agents laulimalide and peloruside have been compared with tubulin-interacting drugs paclitaxel
and colchicine by different computational approaches. Docking and QSAR-based programs point to a favourable interaction with
the b tubulin paclitaxel binding site, although an additional, preferred binding site has been found at the a subunit of tubulin. All
together provides a plausible rationalisation of the singular binding features of these microtubule stabilisers and paves the way for
future structural studies.
� 2004 Elsevier Ltd. All rights reserved.
Taxol� (paclitaxel, 1) is an important antimitotic agent
broadly used for the treatment of ovarian, breast and
lung carcinomas;1 it causes cell cycle arrest by interfer-
ing in the G2/M phase. Since the discovery of its micro-
tubule-stabilising mechanism of action,2 other drugs
have been found to exert analogous effects. This is the
case of epothilones,3 sarcodictyins,2 discodermolide,4

laulimalide (2),5 peloruside (3)6 and many others.2 These
compounds are generically called microtubule-stabilis-
ing agents (MSA).

It is widely accepted that MSA interact at the b tubulin
paclitaxel binding site (tax site), as most have been
determined to compete with 1.2 However: (i) some of
them are known to be active against cell lines resistant
to others;7 (ii) synergistic effects have been found be-
tween 1 and discodermolide;4a (iii) it has been shown
that microtubules containing near-molar quantities of
1 and 2 can be formed;8 (iv) the binding site of a few
MSA has not been established yet (this is the case of
3); (v) independent photoaffinity labelling experiments
with azide-containing derivatives of 1 point to diverse
binding targets on tubulin.9 With relatively close 3-D
shapes (Fig. 1),10,11 the differences in the biological
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behaviour of these MSA are likely to be due to the obvi-
ous diversity of molecular structures (functional groups,
side chains, etc.).
Figure 1. 3-D representations10,11 of MSA paclitaxel (1),11b laulimalide

(2) and peloruside (3).
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Figure 4. (a) The tax site, depicting the amino acids mutated in cell

lines PTX10 (Phe270Val), PTX22 (Ala364Thr), A8 (Thr274Ile) and

Figure 2. 3-D representation10,11 of MDA colchicine (4).

4826 O. Pineda et al. / Bioorg. Med. Chem. Lett. 14 (2004) 4825–4829
On the other hand, there are drug families that have
been found to interact with microtubules in a different
way. The microtubule-destabilising agent (MDA) colch-
icine (4, Fig. 2) is an example of them. This compound
and its congeners have been determined to interact at
the so-called colchicine binding site (colchi site),
although additional binding has been described to take
place near the tax site.12

We report here computational approaches aimed at
rationalising some of these interesting facts. We have
chosen 1 and 4 as well-known reference compounds to
investigate the less known tubulin-binding features of
MSA 2 and 3.

Docking approaches: First, we focused our work on
finding out the binding modes of 1–4 by means of a
blind-docking procedure.13 The well-established tubulin
structure determined by Nogales et al.14 was used as the
target of our docking simulations. Among the several
docking programs available, we chose AutoDock
3.0515 to find the binding modes of the studied com-
pounds,16 and GOLD 2.117 to score the resulting com-
plexes.18 The reliability of the approach was evaluated
by reproducing the complex of 1 with this tubulin struc-
ture. The predicted complex (the highly scored one) gave
a RMSD of 0.79Å with regard to the experimental
one.14b,19 Docking of 4 was also consistent with the
experimental facts, since it predicted 4 to bind mainly
at the colchi site, with a lower-scored interaction
with the tax site. The tax and colchi sites are shown in
Figure 3.

In the first round of docking simulations, compounds 2
and 3 were predicted to bind mainly at the tax site.20

In addition, the predicted arrangement of 2 into the tax
site explains the activity retention of this compound
against cell lines resistant to 1 or to epothilone B.8 Those
Figure 3. The tax site and the colchi site of tubulin.10
amino acids involved in the mutations associated to
these cell lines do not interact with 2 in our Auto-
Dock-predicted binding mode (Fig. 4).

Even though this finding supports the binding of 2 to the
tax site, it provides no explanation for the formation of
microtubules containing equimolar amounts of 1 and 2.8

In a second round of simulations, this goal was pursued,
as follows.

We searched for an additional binding site over a mobile
region of a tubulin, the B9–B10 loop extension.21 This
loop has a special relevance, since it covers the region
of a tubulin related with the tax site at b tubulin.11b

The conformation of this B9–B10 loop extension was ex-
plored with MacroModel,11a by manual search and
molecular dynamics simulations (MD). Both ap-
proaches gave rise to a lower energy local minimum
by rotation of the mentioned loop (Fig. 5), disclosing
a new cavity fairly similar to the tax site.

Docking simulations were repeated with the B9–B10
loop extension open. This new binding site (hencefor-
ward the B9–B10 site) was predicted to be accessible
for 2–4, but not for 1 (which may be due to its larger
size, see Fig. 1). Location of this new binding site at
the a subunit of tubulin is shown in Figure 6.

Scoring of the complexes of 1–3 with the B9–B10 site
was then performed18 and compared with the respective
complexes with the tax site (Table 1). Reference com-
pound 1 was correctly predicted to bind the tax site.
Compound 2 was predicted by the two scoring functions
to have a preference for the B9–B10 site. Regarding
compound 3, AutoDock predicted a certain preference
for the B9–B10 site, although GoldScore predicted a
B10 (Arg282Gln).8 (b) Compound 2 docked into the tax site.

Figure 5. The B9–B10 loop extension of a tubulin depicted in red.

(a) Original conformation and (b) that one disclosing a new cavity.



Figure 6. The MD-predicted B9–B10 site, in relation to the tax site and

the colchi site of tubulin.

Table 1. Scoring of the complexes of 1–3 at the B9–B10 site, referred

to that of complexes at the tax site, indicated within parentheses

AutoDocka GoldScoreb

1 �5.8 (�8.1) 21 (41)

2 �11.4 (�10.2) 59 (50)

3 �5.6 (�4.8) 13 (18)

a Values in kcal/mol.
b Better scoring corresponds to higher figures.
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trend for the tax site, which may indicate that the
strength of the interaction of 3 with both sites is essen-
tially equivalent. As expected, reference compound 4
was correctly predicted to bind the colchi site (data
not shown).

To summarise, the available experimental data are qual-
itatively described by the main results from these dock-
ing simulations: (i) compound 1 is predicted to bind at
the tax site;9 (ii) compound 4 is predicted to bind mainly
Figure 7. Complexes and main interactions of 2 (a) and 3 (b) with the tax s
at the colchi site, although a weaker interaction is also
observed with the tax site;12 (iii) compound 2 is pre-
dicted not only to bind the tax site but also to an alter-
native, preferred one.8 Thus, a plausible explanation for
the formation of microtubules containing equimolar
amounts of 1 and 28 is provided, as 2 may interact at
the B9–B10 site of tubulin when the tax site is occupied
by 1.

Nevertheless, these simulations and the experiments
with mutant cells still point to the binding of 2 and 3
to the tax site, even though not predominantly. A quan-
titative treatment would be required to determine the
strength of this interaction.

QSAR approaches: Among the tax site receptor models
reported to date,22 we have chosen the more versatile
one,22a that one able to better accommodate different
families of compounds. This 3D-QSAR model consists
of a 21 amino acid box surrounding a set of MSA
(including 1, epothilones, sarcodictyins and several
derivatives of them). We have used this model to predict
DGbind for 2 and 3. Calculations, performed with PrGen
2.123 and AutoDock, predict a strong interaction of
both compounds with the tax site. Complexes of 2 and
3 with the receptor model and the main interactions
are shown in Figure 7.

To overcome the assumptions made on the construction
of the 3D-QSAR receptor model––selection of amino
acids, alignment of ligands, etc.––we built up, by means
of Quasar 3.0,24 a 5D-QSAR model of the tax site.25

Again, compounds 2 and 3 were predicted to strongly
bind the tax site.

Predictions performed with the two receptor models
(Table 2) show a good agreement between experimental
ite receptor model.22a



Table 2. Predicted DGbind compared with the experimental valuesa

Experimental PrGen-

predicted

AutoDock-

predicted

Quasar-

predicted

DGbind DGbind DGbind DGbind

1 �6.5 �6.6 �6.8 �6.6

2 �6.0 �5.8 �8.7 �5.9

3 –– �6.5 �5.1 �6.7

ent-3b –– �5.8 �5.0 �4.5

a All values in kcal/mol.
bWe have also calculated the affinity of this enantiomer, since its total

synthesis has been reported.6c
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and predicted DGbind for 1 (included into the training
sets) and 2 (included into the test sets). Regarding 3, a
fair agreement was found between PrGen-, AutoDock-
and Quasar-predicted DGbind values (no tubulin binding
constants have been reported for 3 to our knowledge).
The interaction of 2 and 3 with the tax site is predicted
to be in the range of strong MSA, showing therefore the
virtual capability of 2 and 3 to bind to the tax site.

Concluding remarks: In silico studies, which we have
shown to be consistent with the experimental findings,
provide an explanation for the surprising interaction
of 2 with tubulin: formation of microtubules containing
equimolar amounts of 1 and 2 can be qualitatively
rationalised by the simulations performed, since the pro-
posed laulimalide binding site has been predicted to be
located at a tubulin, under the B9–B10 loop extension.
Lack of competition of 2 for the tax site (when 1 is
bound to it) is accounted for qualitatively, but the pre-
dicted binding affinity difference is lower than expected.

In addition, simulations predict the behaviour of 3 to be
closely related to that of 2. Therefore, binding features
of 2 should be also observed for 3. Moreover, interac-
tion of 2 and 3 with the tax site has been found to be still
favourable, in the range of potent MSA, indicating the
ability of these compounds to bind secondarily the tax
site and to act as paclitaxel-like MSA.

In summary, the results here presented explain singular
binding features of these MSA and paves the way for fu-
ture structural studies.
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