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ABSTRACT: The colchicine domain is widely recognized as
the binding site of microtubule depolymerization agents for
anticancer drug design. Almost all of the drugs targeting the
colchicine domain have been confirmed to bind to the tubulin
β-subunit. Here we studied a crystal structure (2.3 Å) of the
complex between tubulin and 4β-(1,2,4-triazol-3-ylthio)-4-
deoxypodophyllotoxin (compound 1S) with superior anti-
tumor activity, which was designed on the basis of the
colchicine domain and synthesized in our previous work. A
distinct binding model of the colchicine domain was found in
the complexes of tubulin with compound 1S. From a
comparison of the crystal structures of tubulin−compound
1S and tubulin−colchicine complexes, the side chains of the
T7 loop of β-tubulin flip outward and the T5 loop of α-tubulin changes its conformation. It has been shown that the β-subunit
T7 loop reversibly participates in resistance to straightening that opposes microtubule assembly by flipping in and out. Together
with the biochemical results from compound 1S, the structural data highlight the main contributors in the α-subunits and the
colchicine domain β-subunits: the dual-target binding sites in the α-T7 loop and β-H7−T7 loop of tubulin. Compound 1S can
synchronously bind to αβ-tubulin. The structures also highlight common features for the design and development of novel
potent microtubule destabilizing agents.

Tubulin, an important functional protein for mitosis and
cell division in rapidly proliferating tumor cells, is an

important target for cancer chemotherapy.1−3 The recent
success of targeted agents used for cancer cure has developed a
series of anticancer drugs.4,5 Highlighting this fact, many new
antiproliferative drugs (e.g., laulimalide, peloruside A, aplyr-
onine, and vinblastine) have been developed by designing
tubulin-targeting drugs.6−8 The tubulin-targeting microtubule
depolymerization drugs have been classified into three main
domains: vinblastine, colchicine, and paclitaxel. Vinblastine can
bind to the αβ-tubulin dipolymer of microtubule ends.
Colchicine can bind to the αβ-tubulin dipolymer β-subunit in
the microtubule lattice. Paclitaxel can bind to αβ-tubulin
dipolymer on the microtubule surface.3,9,10 Many anticancer
drugs have been developed according to the features of the
tubulin domains (e.g., paclitaxel and vinblastine domains).
However, no clinical anticancer drugs have been developed to
bind to the colchicine domain.
Podophyllotoxin (PTOX), a representative natural lead

compound that binds to the colchicine domain in the tubulin
β-subunit, has been exploited to develop many new drug
candidates.11,12 In our previous work, a series of novel 4β-

sulfur-substituted PTOX derivatives were developed by using a
target drug design strategy based on the colchicine domain.13,14

Most of the 4β-sulfur-substituted PTOX derivatives exhibit
superior microtubule depolymerization and antitumor activity
compared with colchicine, especially 4β-(1,2,4-triazol-3-ylthio)-
4-deoxypodophyllotoxin (compound 1S). The half-maximal
inhibitory concentrations (IC50) of compound 1S (i.e., 0.17 ±
0.02, 0.34 ± 0.02, and 0.79 ± 0.05 μM) are approximately 193-,
62-, and 43-fold lower than those of colchicine (33.10 ± 0.41,
21.75 ± 1.25, and 35.08 ± 1.43 μM) and approximately 46-,
43-, and 16-fold lower than those of PTOX (8.12 ± 0.44, 15.41
± 0.75, and 13.64 ± 0.55 μM) in HeLa, BGC-823, and A549
tumor cells, respectively. The ratio of cell-cycle blockage and
apoptosis in these cells was increased 2−4 times.14 However,
the structural biology information underlying this difference
was not well understood. Herein, the crystal structure of the
tubulin−compound 1S complex is described for understanding
of microtubule depolymerization. These results should
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significantly aid in optimizing the design of colchicine domain
agents and facilitate the development of new anticancer drugs.

■ RESULTS

Microtubule Depolymerization. PTOX and its deriva-
tives effectively function as a “mitotic poison” or spindle
poison.15 Therefore, the effects of compound 1S on the
inhibition of microtubule polymerization in vivo and in vitro
were studied. Compared with the control colchicine, compound
1S (at the high concentration of 10 μM) potently caused

microtubule depolymerization in HeLa cells (Figure 1A).
Meanwhile, the ratio of microtubule polymerization was
evaluated by using tubulin in pellet mass formation in
centrifugation assays for each compound in vitro, with 100%
tubulin in the pellet of the control representing an intact
microtubule. The reduction of tubulin in the pellet represented
microtubule depolymerization. As shown in Figure 1B, most of
the microtubule maintained the polymerization formation (i.e.,
55−92% of tubulin in the pellet) at rather low concentrations
(i.e., 0.1−1 μM) of PTOX and colchicine. Then the percentage

Figure 1. Immunofluorescence staining of tubulin. (A) Effects of colchicine, podophyllotoxin (PTOX), and compound 1S on tubulin polymerization
in HeLa cells. Microtubules (green) were stained with α-tubulin antibodies and DNA (blue) was stained with DAPI for 12, 24, or 36 h. The scale
bars represent 22 μm. (B) Inhibition of tubulin assembly in vitro by PTOX, colchicine, and compound 1S.

Figure 2. Measurement of dissociation constants between tubulin and various ligands by isothermal titration calorimetry (ITC). Representative raw
ITC data and fitted binding curves are shown for (A) podophyllotoxin and (B) compound 1S. The upper panels show the raw titration data, and the
lower panels are plots of integrated and dilution-corrected peak areas from the titration data.
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of tubulin in the pellet quickly decreased to 27−13% after
addition of high concentrations (i.e., 10−15 μM) of PTOX and
colchicine. However, almost 50% of the microtubule (i.e., 52%
of tubulin in the pellet) was depolymerized at a low
concentration (i.e., 0.1 μM) of compound 1S, and the tubulin
in the pellet rapidly declined to 17% at 5 μM compound 1S.
Compared with the positive controls colchicine and PTOX,
Compound 1S exhibited the strongest microtubule depolyme-
rization. The results indicated that compound 1S inhibits
microtubule formation more effectively than colchicine and
podophyllotoxin.
Thermodynamic Analysis of the Agents Binding to

Tubulin. For the binding dynamics analysis, the enthalpy/
entropy parameters of the complexation of protein-free tubulin
with podophyllotoxin and compound 1S were examined by
using isothermal titration calorimetry (ITC). Podophyllotoxin
bound to the tubulin complex with a dissociation constant (KD)
of 113.37 ± 2.6 μM (Figure 2A). Tubulin has a higher affinity
for compound 1S (Figure 2B), as shown by the KD of 62.04 ±
1.12 μM. The thermodynamic values calculated for the
tubulin−1S interaction were ΔH = −198.2 kcal mol−1, TΔS
= 92.5 kcal mol−1, and ΔG = −290.7 kcal mol−1. The
thermodynamic values calculated for the tubulin−PTOX
interaction were ΔH = −185.3 kcal mol−1, TΔS = 74.6 kcal
mol−1, and ΔG = −259.9 kcal mol−1. Compound 1S enhanced
the microtubule depolymerization because of its stronger
binding with tubulin. This result also demonstrates that the
modification of PTOX with the 4β-sulfur heterocyclic moiety
may constitute a specific recognition of the tubulin α-subunit.
Overall Structure. In order to understand the interactions

of compound 1S and tubulin at the molecular level, the
structural basis of the tubulin−compound 1S complex was
investigated. By the well-established system for tubulin crystal
growth, crystals of a protein complex containing two αβ-tubulin
(T2) chains, the stathmin-like protein RB3 (R), and tubulin
tyrosine ligase (TTL) were obtained (the complex is denoted
T2R−TTL).4 We obtained a resolution of 2.3 Å of the
tubulin−compound 1S complex crystal structure. (Figure 3A
and Table 1). As shown in Figure 3C, according to the electron
density maps, the ligand was calculated and identified using the
diffraction data from the T2R−TTL crystals (Compound 1S:
the highest peak was 14σ, and the first peak away from 1S was
6σ), and the orientation of compound 1S was clearly
established.
Split Catalytic Domain of the 1S−Tubulin Complex

Crystal Structure. To clarify the exact binding mode of
compound 1S for tubulin and their mode of interaction, a close-
up view of the T2−RB3−TTL−compound 1S complex was
analyzed (Figure 4). The interaction revealed an unanticipated
binding model wherein compound 1S fills an elongated pocket
and makes contacts with the domain between α- and β-tubulin.
Compound 1S interacts with tubulin between β-tubulin and α-
tubulin via the β-S9, β-H7, and β-T7 loops in β-tubulin and the
α-H7 strand and α-T5 loop in α-tubulin (Figure 4). The N-
containing aromatic heterocycle triazole substituted at C-4 of
podophyllotoxin connects with α-T5 of the neighboring α-
subunit and forms mainly hydrophilic contacts with several
residues of α-tubulin as well as a hydrogen bond. The α-T5
loop is directly bound with compound 1S in the α-subunit.
There are mainly hydrogen bonds, including ones between the
NH and nitrogen atom of compound 1S and the carbonyl
oxygen and OH group, respectively, of Ser178 on the α-T5
loop. In addition, the A, B, C, D, and E rings of compound 1S

are deeply buried in the colchicine domain, and they form
mainly hydrophobic contacts with several residues of β-tubulin
with a hydrogen bond. Hydrophobic interactions are formed
between the methoxy group of the E ring and several residues
of β-tubulin, whereas hydrophilic interactions are formed
between the triazole group of compound 1S and several
residues of α-tubulin. Additionally, there are some hydrogen
bonds formed between the carbonyl group of the D ring and
the residues of Asp251 of β-tubulin as well as between the
amine group of the triazole group and the residues of Ser178 of
α-tubulin. The binding model of compound 1S in the T2−
RB3−TTL−1S structure is different from the one proposed on
the basis of the electron crystallography data for the
podophyllotoxin- or colchicine-stabilized tubulin binding mode.

■ DISCUSSION
The thermodynamic results indicated that ΔG was mostly
contributed from the entropy change while the contribution
from the enthalpy was not significant. It is generally known that
enthalpy mainly contributes to protein−ligand interactions with
amino acids in the binding site and that entropic contributions
to the protein−ligand interaction reflect not only changes in

Figure 3. Structure of the tubulin−compound 1S complex. (A)
Overall view of the complex formed between αβ-tubulin and
compound 1S. The β-H7 subunits and the β-T7 loop are shown in
blue and yellow, respectively. (B) Chemical structure of 4β-(1,2,4-
triazol-3-ylthio)-4-deoxypodophyllotoxin (compound 1S). (C) Com-
pound 1S superimposed on the electron density maps.
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freedom of the solvent molecules and counterion rearrange-
ments but also conformation (i.e., translational or rotational)
and recipient stability in the binding process.18 In the previous
study, Daly and Taylor19 analyzed and summarized the entropy
and enthalpy contributions in the activity of tubulin-based
target agents. Their work clearly proved that the binding
affinities of agents toward tubulin are more complex than often
articulated. Meanwhile, they suggested that ligand−tubulin
binding interactions primarily hinge on entropically driven
tubulin conformation changes and microtubule assembly
disorder.19 For the tubulin−drug binding system, microtubules
are made up of the continuously polymerized α- and β-tubulin
dimer.1 Enthalpy−entropy compensation is not only correlated
with ligand binding but also changes in the conformation of
tubulin due to tubulin−ligand interactions. PTOX derivatives
effectively inhibit microtubule assembly by binding to the
tubulin colchicine domain, while in contrast to colchicine,
PTOX derivatives bind reversibly.20 This would increase the
degree of chaos. Furthermore, from the perspective of the
structure−function relationship, compared with podophyllotox-
in, compound 1S with a triazole substituent at C-4 was shown
to convert an enthalpy driven reaction into one that is entropy-
driven. It is known that PTOX does not affect the αβ-tubulin
dimer conformation. Maybe compound 1S synchronously
targets the α- and β-tubulin and affects the αβ-tubulin dimer
conformation. The above analyses suggested that compound 1S

may increase the disorder of the reaction system and that ΔG is
mostly contributed by the entropy change.
In order to understand the mechanism of microtubule

polymerization inhibition by compound 1S, the tubulin-binding
modes of compound 1S and colchicine were compared. The
structure of compound 1S is similar to that of colchicine only at
the E ring (Figure 5A). In the close-up views of the compound
1S site, compared with the colchicine−tubulin complex, we
found that the side chains of the β-T7 loop flip outward and the
α-T5 loop changes its conformation (Figure 5B,C). This
observation suggests that the T7 loop flips outward and that the
conformation of the T5 loop changes in order for compound
1S to bind tubulin. The 1S site in the curved and straight
conformational states of tubulin were superimposed in order to
explain the differences between them. We observed movement
of the side chains of the T5 loop of α-tubulin, which may be via
the hydrogen bond between the amine group of the triazole
group and the amino acid residue Ser178 of α-tubulin. The T5
loops switch between two conformations when the tubulin
structure switches from curved to straight. Compared with
colchicine, the T5 loop configuration is changed by
approximately 41.9° of the dihedral angle (Figure 5E) and
3.5 and 1.9 Å of distance (Figure 5F) by compound 1S. On the
basis of the above analysis, the microtubule depolymerization
activity in a process necessary for microtubule formation may
be explained by making the side chains of the β-tubulin T7 loop
flip outward and causing an α-tubulin T5 loop conformational
change.
In summary, the crystal structure of tubulin−compound 1S

complexes clarified the mechanism of the microtubule assembly
and extended the drug design methods based on the colchicine
domain. The data revealed a new tubulin inhibitor that
synchronously binds to a site in αβ-tubulin that is distinct
from the colchicine domain. Comparing the structures of the

Table 1. Statistics of Data Collection and Refinement for the
T2R−TTL−1S Complex

Data Collectiona

space group P212121
cell dimensions

a (Å) 104.36
b (Å) 157.25
c (Å) 179.63

resolution (Å)b 50−2.30 (2.34−2.30)
Rmeas (%) 15.0 (119.6)
Rpim (%) 5.9 (46.3)
I/σI 11.6 (2.1)
completeness (%) 99.9 (99.6)
redundancy 7.4 (7.6)

Refinement
resolution (Å) 50−2.30
no. of unique reflections 976051
Rwork/Rfree (%) 17.76/22.09
average B factors (Å2)

protein main chain 46.43
protein side chain 52.27
protein all atoms 49.33
water molecules 47.87
other entities 58.74
all atoms 49.46

rmsd from ideality
bond lengths (Å) 0.008
bond angles (deg) 1.007

Ramachandran statistics (%)c

favored regions 91.2
allowed regions 8.6
outliers 0.2

aHighest-resolution shell statistics are in parentheses. bThe resolution
cutoff was selected on the basis of I/σI and CC1/2 according to Karplus
and Diederichs.16 cAs defined by MolProbity.17

Figure 4. Close-up view of the tubulin−compound 1S complex. The
carbon skeleton and nitrogen, sulfur, and oxygen atoms in compound
1S are shown as green, blue, yellow, and red sticks, respectively. Key
residues forming the interaction with the ligand are shown in stick
representation and are labeled. Hydrogen bonds are highlighted as
dashed blue lines. The α-subunit and β-subunit are shown as orange
and gray ribbons, respectively.

ACS Chemical Biology Articles

DOI: 10.1021/acschembio.6b00842
ACS Chem. Biol. XXXX, XXX, XXX−XXX

D

http://dx.doi.org/10.1021/acschembio.6b00842


complexes showed that the side chains of the T7 loop of β-
tubulin flip outward and the T5 loop of α-tubulin changes its
conformation. There is a short helix in the α-T5 loop formed
after binding of compound 1S to α-tubulin. Compound 1S
inhibited microtubule polymerization, which may be a result of
the interaction with α-T5, which was a significant factor for
lateral tubulin interactions. The intramolecular interaction
network that stabilizes the T5 loop helix of both α- and β-
tubulin also forms in microtubules in the absence of a ligand.
From the comparison of the crystal structures of the tubulin−
compound 1S and tubulin−colchicine complexes, the side
chains of the T7 loop of β-tubulin flip outward and the T5 loop
of α-tubulin changes its conformation. It has been shown that
the β-subunit T7 loop reversibly participates in resistance to
straightening that opposes microtubule assembly by flipping in
and out. The structural data highlight the main contributors in
the α-subunits and the colchicine-domain β-subunits: the dual-
target binding sites in the α-T7 loop and β-H7−T7 loop of
tubulin. Compound 1S could synchronously bind to αβ-
tubulin. The structures also highlight common features for the
design and development of novel potent microtubule
destabilizing agents.

■ EXPERIMENTAL SECTION
Immunofluorescence Staining of Tubulin. HeLa cells were

cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 12%
fetal calf serum (FCS), 2 mM L−1 glutamine, 100 mg L−1 penicillin G,
and 100 mg L−1 streptomycin under 5% CO2 (37 °C). The attached
cells were permeabilized. The cytoskeletons were incubated with
fluorescein isothiocyanate (FITC), and 4′,6-diamidino-2-phenylindole
(DAPI) (1 μg mL−1) was added to stain the chromatin. The images

were recorded with a PerkinElmer camera. The immunofluorescence
staining has been previously described.14

Proteins. Porcine brain was prepared as previously described.15,21

The recombinant expression and purification of the stathmin-like
domain of RB3 (RB3-SLD) was performed according to well-
established protocols.22 Because of the limitations of the instruments
and plasmids, we modified the published protocols. In brief, the
stathmin-like domain of RB3 was initially cloned from rat whole-brain
cDNA and then transferred into the vector pET21b (Yin Lab).
Recombinant RB3-SLD was overexpressed in Escherchia coli strain
BL21 (DE3). The cells were grown in LB medium supplemented with
50 mg L−1 ampicillin (37 °C). After induction with 0.4 mM isopropy-
β-D-thiogalactoside (IPTG), the cultures were shaken for 3 h (37 °C).
The cells were harvested by centrifugation, resuspended in lysis buffer
(20 mM Tris, pH 8.0, 1 mM EGTA) and disrupted using a JN-mini
high-pressure cell disruptor. The bacterial extracts were centrifuged at
14 000 rpm for 1 h at 4 °C to yield the S1 supernatants and P1 pellets.
The S1 supernatants were then heated to 80 °C for 10 min in the
presence of 100 mM NaCl, and the samples were centrifuged again as
described above to yield the S2 supernatants and P2 pellets. The S2
extracts were loaded on a Source Q10-100 anion exchange column
(GE Healthcare) and eluted with a 0−1 M NaCl linear gradient in 20
mM Tris-HCl and 1 mM EGTA at pH 8.0. The fractions containing
the RB3-SLD protein were pooled, concentrated to 1 mL using a
Centriprep (Amicon Ultra-15; MW cutoff 30 000), and loaded onto a
Superdex 200 10/300 GL column (GE Healthcare) for the final
purification step in 80 mM PIPES (pH 6.5), 1 mM EGTA and 5 mM
MgCl2. The gene encoding the chicken TTL orthologue was
synthesized by Shanghai Qinglan Biological Technology and then
transferred into the vector pET21b (Yin Lab) with a C-terminal
hexahistidine tag. The expression and purification of recombinant TTL
in bacteria were conducted according to well-established protocols.23

Microtubule Depolymerization. Purification of calf brain tubulin
and the chemicals were performed as previously described.15 The

Figure 5. Comparison of the tubulin-binding modes in the crystal structures of the complexes containing compound 1S and colchicine (PDB entry
4O2B). (A) Chemical structures of colchicine and compound 1S. (B−D) Superimposition of the tubulin−compound 1S structure (pink ribbons)
and the tubulin−colchicine structure (light-blue ribbons). Compound 1S and colchicine are shown in green and gray stick representation,
respectively. Interacting residues of tubulin are shown in stick representation. Oxygen and nitrogen atoms are colored red and blue, respectively.
Hydrogen bonds of compound 1S and colchicine are depicted as red and blue dashed lines, respectively. (E, F) Close-up view of the comparison of
the changes in configuration by calculating the dihedral angle and the distance for the structure of the broken box shown in (C). The tubulin−1S and
tubulin−colchicine structures are shown in pink and blue line representations, respectively.
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microtubule depolymerization assay has been previously described.14

Podophyllotoxin, colchicine, and compound 1S were dissolved using
20 mM DMSO at −80 °C. The compound concentration for 50%
inhibition of microtubule depolymerization (IC50) was determined by
a centrifugation assay at different compound concentrations. Before
the assay, tubulin was dissolved in the equilibrium buffer (1 mM
ethylene glycol bis(β-aminoethyl ether) tetraacetic acid (EGTA), 3.4
M glycerol, and 0.1 mM guanosine triphosphate (GTP)) by using a
Sephadex column (25 cm × 0.9 cm, pH 7.0). Precipitates were
removed by centrifugation (90000g, 10 min, 4 °C). After
centrifugation, tubulins were preserved with 0.9 mM GTP and 6
mM MgCl2 below 4 °C. Then the tubulins were mixed with samples.
Concentrations of the compounds from 0 to 25 μM were added with
2‰ DMSO, and then the sample solution was incubated at 37 °C for
about a half hour. Microtubule polymer was removed from
unassembled tubulin by centrifugation (90000g, 10 min, 37 °C).
Unassembled tubulin was collected from the supernatant. The
microtubule pellet was resuspended in 10 mM sodium phosphate
buffer (pH 7.0) containing 1% sodium dodecyl sulfate (SDS). The
mixing ratio of the supernatants and pellets was 1:5. The tubulin
concentrations were measured using a previously described assay
method.14

Isothermal Titration Microcalorimetry (ITC). The ITC assay
using a Q Series thermal analysis instrument has been previously
described.14 The fragments were added at a concentration of 10−20
mM in 2−5% (v/v) DMSO. The mixed solutions were dialyzed for 8 h
using HBS-T buffer. The mean enthalpies were measured using the
assay method and the One-Binding model of the MicroCal version of
the ORIGIN software as previously described.14 The curve data
consisted of the following parameters: reaction enthalpy (ΔH),
binding constant (KA = KD

−1), and stoichiometry (n). According to KA
and ΔH, the free energy (ΔG) and entropy (ΔS) were calculated
using the equations ΔG = −RT ln KA = ΔH − TΔS, where R is the
universal gas constant and T is the absolute temperature.
Crystallization. Before crystallization, tubulin was subjected to one

polymerization/depolymerization cycle to select for active protein by
following a previously described protocol.24,25 Compound 1S was
included in all buffers starting from the depolymerization step. For the
T2R−compound 1S complex, the recycled tubulin was preincubated
with RB3-SLD (15 min, 30 °C). The complex was concentrated to a
tubulin concentration of 5 mg mL−1 and ultrafiltered using a Microcon
YM-30 filter (Millipore). The T2R-TTL complex was mixed with the
T2R−1S complex and TTL at a T2R−1S:TTL ratio of 1:1 in a
mixture supplemented with 1 mM AMPPCP, 5 mM tyrosinol, and 10
mM DTT, and the solution was concentrated to 2.5 mg of tubulin per
milliliter before crystallization. The T2R-TTL−1S complex was
crystallized by the hanging-drop vapor-diffusion method at 18 °C.
Crystals grew overnight in a precipitant solution containing 6% PEG
4000, 6% glycerol, 30 mM MgCl2, 30 mM CaCl2, 3.3% Jeffamine M-
600 at pH 7.0, and 100 mM MES at pH 5.5 and reached the maximum
dimensions in around 7 days. Crystals of T2R-TTL and compound 1S
were kept with liquid nitrogen. The diffraction data sets were found
below 100 K at the Shanghai Synchrotron Radiation Facility (SSFR)
(Shanghai, China). The data were processed with XDS26 or with the
HKL package.10 The structures were refined with REFMAC27 using
the TLS option.28
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The crystallographic information file for the complex of tubulin
and 4β-S-(1,2,4-triazol-3-yl)-4-deoxypodophyllotoxin at a reso-
lution of 2.3 Å can be found in the RCSB Protein Data Bank
(RCSB PDB) as PDB entry 5JCB.
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Jimeńez-Barbero, J., Galmarini, C. M., Cuevas, C., Peñalva, M. A.,
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