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Microtubules are dynamic assemblies of af-tubulin heterodimers and have
been recognized as highly attractive targets for cancer chemotherapy. A
broad range of agents bind to tubulin and interfere with microtubule
assembly. Despite having a long history of characterization, colchicine
binding site inhibitors (CBSIs) have not yet reached the commercial phase
as anti-cancer drugs to date. We determined the structures of tubulin com-
plexed with a set of structurally diverse CBSIs (lexibulin, nocodazole,
plinabulin and tivantinib), among which nocodazole and tivantinib are
both binary-function inhibitors targeting cancer-related kinases and micro-
tubules simultaneously. High resolution structures revealed the detailed
interactions between these ligands and tubulin. Our results showed that the
binding modes of the CBSIs were different from previous docking models,
highlighting the importance of crystal structure information in structure-
based drug design. A real structure-based pharmacophore was proposed to
rationalize key common interactions of the CBSIs at the colchicine domain.
Our studies provide a solid structural basis for developing new anti-cancer
agents for the colchicine binding site.

Database

The atomic coordinates and structure factors for tubulin complexed with lexibulin, nocodazole,
plinabulin and tivantinib have been deposited in the Protein Data Bank under accession codes
5CA0, 5CAI1, 5C8Y and 5CB4, respectively.

Introduction

As a major component

of the eukaryotic cell

fashion, and the straight and parallel protofilaments

cytoskeleton, microtubules play a crucial role in many
cellular events and have been recognized as highly
attractive targets for cancer chemotherapy [1,2].
Microtubules are made of of-tubulin heterodimers
that assemble into protofilaments in a head-to-tail

Abbreviations

interact laterally to form the microtubule hollow cylin-
der [3]. A wide range of small molecules bind to tubu-
lin and interfere with microtubule dynamics.
Subsequent to the approval of vincristine by the FDA
in 1963[4], research on tubulin targeting agents has

ABC-transporter, ATP-binding cassette transporter; CBSI, colchicine binding site inhibitor; PDB, Protein Data Bank; TTL, tubulin tyrosine

ligase; VDA, vascular disrupting agent.
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remained active for cancer treatment. Five binding
sites for exogenous agents on tubulin have been identi-
fied, namely the taxane [5], vinca alkaloid [6], colchi-
cine [7], laulimalide [8] and maytansine [9] domains.
Most anti-microtubule drugs in development target
one of these binding sites. Among the different types
of anti-tubulin agents, colchicine binding site inhibitors
(CBSIs) have the longest history of research, although
they have not yet reached the commercial phase to
date for the treatment of cancers [10].

Colchicine was initially isolated from the leaves of
meadow saffron (Colchicum autumnale) to treat gout
[11]. Tts physiological target was identified as tubulin
in 1968 [12]. The structures of colchicine and of several
CBSIs bound to tubulin have been determined, and
the inhibition mechanism of microtubule assembly has
been revealed [7,13-15]. These compounds target the
subunit of curved (unassembled) tubulin and prevent it
from adopting a straight (microtubular) structure
either by steric clashes with the o subunit [7] or by pre-
venting the tubulin subdomain movements that occur
during the curved-to-straight structural conversion
[13]. A hallmark of the CBSIs is that they comprise a
large group of structurally diverse natural and syn-
thetic compounds that target different tubulin binding
subsites. Therefore, it is difficult to determine their
interactions with tubulin by computer modeling.
Experimental approaches are still needed in that
respect.

Fig. 1. Structures of CBSIs complexed
with tubulin. (A) Overall structure of the
CBSlI-tubulin complex. The RB3-SLD is
colored green, TTL is blue, a-tubulin is
black, B-tubulin is grey, GTP is red and
GDP is orange. The CBSls are
superimposed and colored as in (C). (B)
The CBSI binding site. The colchicine—
tubulin structure (PDB code: 402B) and
the four CBSI-tubulin complexes are
superimposed. The CBSls and two loops
(«T5 and BT7) are colored as in (C). For
the colchicine—tubulin structure, colchicine
is colored in grey, o-tubulin is black and B-
tubulin is grey. (C) Chemical formulas and
electron densities of the four CBSIs used
in the present study. The F, — F. omit
maps are contoured at 3 .
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In the present study, we chose a set of structurally
diverse CBSIs (lexibulin, nocodazole, plinabulin and
tivantinib) and determined their structures in com-
plex with tubulin to high resolutions (2.2-2.6 A). Inter-
estingly, among these ligands, nocodazole and
tivantinib are both binary-function inhibitors targeting
both cancer-related kinases and microtubules. Struc-
tural analysis revealed the detailed interactions between
these ligands and tubulin, and underlined the impor-
tance of the crystal structure in structure-based drug
design. We propose a real structure-based pharma-
cophore for rationalizing key common interactions of
the CBSIs at the colchicine domain. Our studies pro-
vide a solid structural basis for the development of new
anti-cancer agents targeting the colchicine binding site.

Results

In the present study, we chose four CBSIs that are
structurally ~ diverse  colchicine site compounds
(Fig. 1C). We solved the crystal structure of tubulin—
ligand complexes to obtain insights into the binding
mode of these compounds. Structures were determined
to resolutions ranging from 2.2 to 2.6 A. Details of
the data collection and refinement statistics are sum-
marized in Table 1.

As expected, all four CBSIs bound to the colchicine
binding site (Fig. 1A,B). Comparison between different
complex structures, including the tubulin—colchicine

Tivantinib

Nocodazole

Plinabulin
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Table 1. Crystallographic data and structure refinement statistics.
Ligand Lexibulin Nocodazole Plinabulin Tivantinib
Data collection
X-ray source BL19U1 BL19U1 BL17U1 BL19U1
Wavelength (A) 0.97853 0.97853 0.97915 0.97853
Resolution range (A) 50-2.5 (2.54-2.50)° 50-2.4 (2.44-2.40) 50-2.6 (2.69-2.60) 50-2.2 (2.24-2.20)
Space group P212121 P212121 P212121 P212121
Unit cell (a, b, ¢ (A) 105.6, 158.4, 181.8 105.4, 158.4, 180.7 105.4, 157.6, 182.4 105.3, 168.5, 181.4
Total reflections 703 565 807 753 396 168 1 050 210
Unique reflections 104 340 118 147 93 390 154 428
Multiplicity 6.7 (6.9) 6.8 (7.1) 4.2 (4.1) 6.8 (6.4)
Completeness (%) 100 (100) 100 (100) 99.8 (99.7) 100 (99.3)
Mean //o()) 15.5 (2.0) 12.9 (2.5) 11.6 (2.1) 18.7 (2.6)
Rmerge 0.150 (0.847) 0.116 (0.632) 0.121 (0.826) 0.103 (0.525)
Refinement
Riactor! Rires’ 0.208/0.235 0.193/0.237 0.197/0.245 0.210/0.240
rmsd (bond) 0.007 0.005 0.003 0.008
rmsd (angle) 1.10 1.02 0.69 1.57
Number of atoms
Proteins 17 256 17 267 17 267 17 267
Ligands 238 228 218 230
Waters 171 377 262 830
Average B-factor
Proteins 65.10 42.60 53.60 46.10
Ligands 62.74 32.89 58.50 32.86
Waters 58.50 36.30 46.80 43.40
Ramachandran plot statistics
Most favored (%) 91.3 91.0 90.9 92.6
Allowed (%) 8.6 8.9 8.9 7.3
Generously allowed (%) 0.1 0.1 0.2 0.1
Disallowed (%) 0 0 0 0

@ The values for the data in the highest resolution shell are shown in parentheses.
® Riee = S Testll Fops! — [Feaicll/> TestlFopsl, where ‘Test' is a test set of approximately 5% of the total reflections randomly chosen and set

aside prior to refinement for the structure.

complex, showed that the binding of the different col-
chicine-site ligands did not affect the global conforma-
tion of tubulin, nor of the T2R complex. The rmsd for
approximately 2000 Ca atoms is less than 0.5 A for all
pairwise comparisons of tubulin-ligand complexes. The
major conformational changes involve two loops near
the colchicine binding site, BT7 and oT5 (Fig. 1B). The
nomenclature of tubulin secondary structure elements
and loops is provided in Lowe et al. [16].

The high resolutions and clear density maps enabled
us to determine the positions and orientations of the
small-molecule inhibitors unambiguously (Fig. 1C),
thus revealing the detailed interactions between these
agents and tubulin (Fig. 2).

Colchicine targets the B subunit of curved tubulin
and prevents it to adopt a straight structure. This
likely accounts for the inhibition of microtubule
assembly [7,13]. Consistent with these previous reports,
the binding of the CBSIs investigated in the present
study also hindered the curve-to-straight transition of
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tubulin by the steric clashes between the CBSIs and
surrounding secondary structure elements (Fig. 3).
Thus, these CBSIs likely share the same inhibition
mechanism as that of colchicine.

Lexibulin binding

Lexibulin is a microtubule polymerization inhibitor
which is under phase II clinical trials for the treatment
of glioblastoma multiforme and relapsed and refrac-
tory multiple myeloma [17-19]. In the tubulin-lexibu-
lin complex structure, lexibulin occupied a position
partially overlapping with that of colchicine, and made
hydrogen bonds with the main chain of pV236 on H7,
D249 on T7 and aT179 on T5 (Fig. 2A).

During the discovery of lexibulin, a series of ana-
logue compounds have been synthesized and evaluated
[20]. Chain elongation of the benzylic carbon alkyl
substituent led to a significant increase in cellular
activity, which may be a result of the accommodation

FEBS Journal 283 (2016) 102-111 © 2015 FEBS
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Fig. 2. Interactions between CBSls and tubulin. Tubulin and CBSls are colored as in Figure 1. For comparison, colchicine (PDB code: 402B)
is shown in yellow in each case. CBSIs are shown as sticks: (A) lexibulin, (B) nocodazole, (C) plinabulin and (D) tivantinib. Residues that
make hydrogen bonds with the CBSls are shown as sticks and are labeled.

of the longer chain in a hydrophobic pocket. By con-
trast, substitutions at position 4 of the benzylic aryl
ring reduce the potency of the compound, most likely
because the substituted group results in steric hin-
drance with BS9 (Fig. 4A).

Nocodazole binding

Nocodazole is a high-affinity ligand for the cancer-
related kinases ABL, ¢c-KIT, BRAF and MEK [21] and
a rapidly-reversible inhibitor of microtubule polymer-
ization [22]. Different nocodazole-tubulin binding mod-
els have been proposed. In one of them, nocodazole
occupies a position similar to colchicine [23]. More
recently, a docking model based on drug resistance asso-
ciated mutations has placed nocodazole much deeper in
the B subunit [24]. Our crystal structure data agree with
the later. Nocodazole did not interact with the o subunit
but made hydrogen bonds with BN165 on S5 and BE198
on S6, and overlapped very little with colchicine
(Fig. 2B). A previously reported CBSI, TN16, occupied
a very similar position as nocodazole [13] (Fig. 5).
Tubulin exists as various isotypes in mammalian
cells with different distribution and drug-binding prop-
erties [25]. Nocodazole has a three- to five-fold lower
affinity for the afIIl isotype compared to that of the
afIl and afIV ones [26]. We found that cysteine 239
on H7 positioned its sulfhydryl group close to nocoda-

FEBS Journal 283 (2016) 102-111 © 2015 FEBS

zole (closest distance between the sulfur atom and a
nocodazole oxygen atom: 3.9 1&) (Fig. 4B). Although
residue 239 is a cysteine in the BII and BIV isotype, in
BIII tubulin, a serine residue is found at this position.
Compared to the sulfhydryl group, the hydroxyl group
is smaller in size and has a greater polarity, which may
be unfavorable for nocodazole binding.

Plinabulin binding

Plinabulin is a vascular disrupting agent (VDA) with
microtubule depolymerizing activity and is under phase
I/II clinical trials for treatment of cancers [27,28]. Previ-
ous studies have suggested that the plinabulin binding
site is in the boundary region of tubulin heterodimer
interface, and not inside the colchicine binding cavity
[29]. However, the tubulin—plinabulin complex struc-
ture showed just the opposite: plinabulin resided in a
deeper position in B-tubulin, making hydrogen bonds
with BE198 on S6 and BV236 on H7, and also interact-
ing with BG235 on H7 and with oT179 on TS via water
molecules (Fig. 2C). Our structure showed little overlap
between plinabulin and colchicine.

Tivantinib binding

Tivantinib is the first non-ATP-competitive c-Met inhi-
bitor undergoing phase I/II/III clinical trials for the
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A

treatment of cancers [30-32]. A recent study demon-
strated that tivantinib directly bound to the colchicine
binding site of tubulin to exhibit anti-tumor activity
and could overcome ABC transporter-mediated mul-
tidrug resistance [33]. To clarify the binding mode and
inhibition mechanism of tivantinib to tubulin, we
determined the crystal structure of the tubulin-tivan-
tinib complex, and found the tivantinib binding site
had a large overlap with that of colchicine (Fig. 2D).
Tivantinib made hydrogen bonds with BN256 on H8
and BA315 on S8, and also interacted with BL246 on
T7 and oT179 on TS via water molecules (Fig. 2D).
The tivantinib binding site in a previous docking
model is very similar to that in the crystal structure,
although the orientation of tivantinib is reversed [33].

Pharmacophore for the colchicine domain

A ‘colchicine domain’ made of a main site and of
additional extensions has been proposed [13]. Our
results permit us to refine the colchicine domain defini-
tion. The colchicine domain is a big pocket surrounded

106

Y. Wang et al.

Fig. 3. Interference of CSBIs with the
tubulin straight conformation.
Superimposition of the tubulin-ligand
complexes (salmon) and tubulin as found
in straight protofilaments (PDB code:
1JFF; gray) reveals that CBSI binding is
not compatible with the straight
conformation. The ligand molecules are
shown in sphere representation: (A)
lexibulin, (B) nocodazole, (C) plinabulin and
(D) tivantinib. Regions of steric clashes
between straight tubulin and ligands are
labeled (S8, S9, H7, T7 and H8).

>
w

Fig. 4. The microenvironment at the colchicine domain affects
ligand binding affinity. (A) A cutaway view showing the binding
pocket around the lexibulin benzylic aryl ring. The green arrow
indicates the benzylic carbon alkyl substituent, a propyl group,
which fits well with the hydrophobic pocket. The red arrow
indicates the atom C4 of the benzylic aryl ring, with substitutions
at this position tending to conflict with BS9. (B) The sulfhydryl
group of BC239 side-chain is close to the bound nocodazole. The
residue BC239 and two other residues involved in nocodazole
binding are shown as sticks and labeled. Molecules are colored as
in Fig. 1. Hydrogen bonds and distances (A) are indicated by black
and red dashed lines, respectively.

FEBS Journal 283 (2016) 102-111 © 2015 FEBS
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Fig. 5. Superposition of the structures of tubulin-nocodazole and
tubulin-TN16. Nocodazole is colored purple, TN16 is orange, o-
tubulin is black and B-tubulin is grey. Residues that form hydrogen
bonds with nocodazole are shown as sticks and are labeled.

by two a-helices (H7 and HS8) and by strands of the
two tubulin B-sheets (S1-S4-S5-S6 and S7-S10-S8-S9)
from the B subunit and is capped by two loops (BT7
and oT5) (Fig. 6A). It is noteworthy that BS7 paired
with both BS6 and BS10 via its N-terminus and C-ter-
minus, respectively, thus bridging the two B-sheets into
a super B-sheet.

A pharmacophore model has been proposed to sum-
marize the CBSIs interactions at the colchicine domain
[23]. However, the docking-model-based pharma-
cophore limited its accuracy and rationality for drug

Structures of diverse CBSls complexed with tubulin

discovery. Here, we collected previously determined
CBSI-tubulin crystal structures in addition to the four
structures reported in the present study to construct a
real structure-based pharmacophore for rationalizing
key common interactions of the CBSIs at the colchi-
cine domain (Fig. 6).

We propose a pharmacophore consisting of five
points: three hydrophobic centers (I, II and IIT) and
two hydrogen bond centers (IV and V, either hydrogen
bond acceptor or donor) (Fig. 6B). The point II is a
major hydrophobic group represented in all these
CBSIs, fitting the hydrophobic core of the colchicine
domain. Two extended hydrophobic pockets in the
colchicine domain accommodate two other hydropho-
bic groups: one is buried deeply in B-tubulin (point I)
and the other one is located at the interface of the o/
tubulin heterodimer (point III). The hydrophilic
groups (points IV and V) may form hydrogen bonds
with tubulin (Fig. 6B).

Discussion

We have chosen an atypical set of CBSIs that is struc-
turally diverse. Docking models for interactions with
tubulin have been proposed for three of the four
CBSIs reported in the present study. In the case of
nocodazole, different models have been proposed
[23,24]. In the case of plinabulin, the modeling has
placed it in a position that largely overlaps colchicine
[29]. By contrast, our crystal structures showed that
the binding site of plinabulin, as well as that of

-
o0 1345
L258, i
9 - V181
N
L246 \
E198 @ -

N16s | @ iETA.
Y200

Fig. 6. Pharmacophore model for CBSls. (A) Superposition of CBSls whose structure with tubulin has been determined. The four CBSls
reported in the present study and five reported previously (PDB code: 402A, 402B, 3HKC, 3HKD and 3HKE) are superimposed. Their
carbon atoms are colored green, nitrogen atoms are blue, oxygen atoms are red, sulfur atoms are yellow and chlorine atoms are cyan. (B)
Schematic drawing of the common pharmacophore for ligand binding to the colchicine domain. The hydrophobic and hydrophilic centers are
shown as green and yellow balls, respectively. The residues potentially involved are labeled black for the residues from a-tubulin and grey

for those from B-tubulin.
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nocodazole, had little overlap with that of colchicine
(Fig. 2B,C). In the docking model, Tivantinib occu-
pied a similar position to that in the crystal structure
(Fig. 2D), whereas its orientation was reversed. There-
fore, our results suggest that the diversity in structure
makes it difficult to determine the binding mode of
such inhibitors in silico, and crystal structures are
necessary for structure-based drug design.

The CBSIs are a class of structurally diverse agents.
Although they are all located at the colchicine binding
site, different CBSIs may occupy different positions.
For example, nocodazole is located deeply in the B
subunit and made no interaction with o subunit
(Fig. 2B). The two loops, T5 of o subunit and T7 of
subunit, cap the colchicine domain and adjust their
conformation to accommodate the structurally diverse
CBSIs (Fig. 1B).

The CBSIs that we report in the present study mainly
bind to B-tubulin. B-tubulin isotypes have a varied dis-
tribution in different cell types and modulate the cell
sensitivity to chemotherapeutic drugs [34,35]. Tumor
cells may show differences in the expression of tubulin
isotypes [36]. If the agents targeting tubulin could dif-
ferentiate between different cell types, the undesirable
side effects associated with current chemotherapeutic
treatments may be reduced. It has been reported that
vinblastine prefers BII-tubulin to other isotypes [37,38],
providing a reason why it has good activity against leu-
kaemia and Hodgkin’s lymphoma, which express high
levels of BII-tubulin. A similar situation is also reported
for nocodazole [26]. In the crystal structure, C239 on
BH?7 is close to nocodazole (Fig. 4B). C239 in BII and
BIV is substituted with S239 in BIII, with a hydroxyl
group replacing the sulfhydryl group. Therefore, the
nature of the residue at position 239 is most likely the
main determinant of the nocodazole discrimination
between tubulin isotypes. To design novel CBSIs, we
may consider covalent agents that form either disulfide
or ester linkage with the residue 239 to target specific
B-tubulin isotypes. For example, the CBSI T138067 has
been shown to bind covalently to the residue PC239
[39]. However, because T138067 binds also noncova-
lently to tubulin [13], it most likely targets the BIII iso-
type as well.

Among the ligands that we report here, nocodazole
and tivantinib show activities against cancer-related
kinases and microtubules, both of which are highly
attractive targets for cancer chemotherapy. There is
now general agreement that molecules interfering
simultaneously with multiple targets might be more
effective than single target agents, especially for treat-
ing complex diseases, including cancer, cardiovascular
diseases, neurological diseases and metabolic diseases
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[40]. Targeting two pathways with one compound may
increase its effectiveness and decrease drug resistance,
which could be leveraged for therapeutic benefit. Com-
pared to other microtubule interfering agents, CBSIs
have owned much smaller molecular weights and sim-
pler scaffolds, which make them excellent candidates
for multitarget drug design.

To date, no CBSI has reached the commercial phase
for the treatment of cancer. Our results allow us to
propose a real structure-based pharmacophore for
CBSIs. It will be useful for the design and improve-
ment of CBSIs, and will also help engineer existing
anti-cancer compounds to endow them with the ability
to interfere with microtubules.

Materials and methods

Materials

Plinabulin (NPI-2358, Catalog # HY-14444) and Tivantinib
(ARQ197, Catalog # HY-50686) were purchased from
MedChemExpress (Monmouth Junction, NJ, USA). Lex-
ibulin (CYT997, Catalog # S2195) and Nocodazole (Cata-
log # S2775) were obtained from Selleckchem (Houston,
TX, USA). Porcine brain tubulin (Catalog # T-238P) was
purchased from Cytoskeleton, Inc. (Denver, CO, USA).
Bis-Tris propane, Mes, tyrosine, DTT and B,y-methylenea-
denosine 5'-triphosphate disodium salt were purchased
from Sigma (St. Louis, MO, USA). B-Mercaptoethanol was
obtained from XiYa Reagent (Chengdu, China). Glycerol
and antiprotease cocktail were obtained from Sangon Bio-
tech (Shanghai, China). All of the conventional reagents,
such as NaCl, MgCl, and CaCl,, were supplied by Kelun
Pharmaceutical (Chengdu, China).

Protein expression and purification

The complex of two tubulins with the stathmin-like domain
of RB3 (RB3-SLD) and with tubulin tyrosine ligase (TTL)
(the T2R-TTL complex) was produced as described. In
brief, RB3-SLD was overexpressed in Escherichia coli,
purified by anion-exchange chromatography (QFF; GE
Healthcare Ltd, Little Chalfont, UK) and gel filtration
(Superdex  75; GE-Healthcare),  concentrated to
10 mg-mL~! and stored at —80 °C until use [13,41]. The
TTL construct was a kind gift from Dr Michel O. Stein-
metz (Paul Scherrer Institut, PSI, Switzerland). TTL was
purified as described with slight modifications [42]. Briefly,
after overexpression in E. coli, it was purified by nickel-affi-
nity chromatography followed by gel filtration (Superdex
200; GE-Healthcare). Finally, TTL in Bis-Tris propane
(pH 6.5), 200 mm NaCl, 2.5 mm MgCl,, 5 mM B-mercap-
toethanol and 1%  glycerol was concentrated to
20 mg-mL~" and stored at —80 °C. Porcine brain tubulin

FEBS Journal 283 (2016) 102-111 © 2015 FEBS
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(Catalog # T-238P) was supplied at 10 mg-mL™" (buffer:
80 mm Pipes, pH 6.9, 2.0 mm MgCl,, 0.5 mm EGTA and
1 mm GTP) and stored at —80 °C until use. The T2R-TTL
complex was prepared by mixing tubulin, RB3-SLD and
TTL in a 2:1.3: 1.2 (tubulin : RB3-SLD : TTL) molar
ratio, and then 1 mMm p,y-methyleneadenosine 5'-tripho-
sphate disodium salt, 5 mm tyrosine and 10 mm DTT were
added and the complex was concentrated to 20 mg-mL~'
at 4 °C.

Crystallization and crystals soaking

T2R-TTL crystals were obtained at 20 °C in a buffer con-
sisting of 6% poly(ethylene glycol) 4000, 8% glycerol,
0.1 M Mes, 30 mm CaCl, and 30 mm MgCl, (pH 6.7).
Rod-like crystals grew to maximum dimensions within
1 week. Stock solutions of ligands were prepared in 100%
DMSO at 5 mm (plinabulin and lexibulin) or 10 mwm (tivan-
tinib and nocodazole) concentrations. For crystal soaking,
0.1 pL of the ligand solution was added to the 2-uL crys-
tal-containing drop for 24 h at 20 °C.

Data collection and structure determination

The crystals of T2R-TTL-ligand complexes were mounted
in nylon loops (Hampton, Aliso Viejo, CA, USA) and
flash-cooled in a cold nitrogen stream at 100 K. Diffraction
data were collected on beamlines BL17U1 and BL19U1 at
Shanghai Synchrotron Radiation Facility (SSRF) (Shang-
hai, China). Data were processed using HKL2000 [43]. The
structures were determined by molecular replacement
method using the T2R-TTL structure [Protein Data Bank
(PDB) code: 4155] as a search model. Manual model build-
ing were performed with coot [44]. All refinements were
performed using the refinement module phenix.refine of
PHENIX [45]. The initial models and the topology parameters
for the ligands were generated with PRODRG [46]. The model
quality was checked with MOLPROBITY [47]. PYMOL [48] was
used to generate the figures.
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