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Abstract: Small molecules that bind to tubulin exert powerful effects on cell division and apoptosis
(programmed cell death). Cell-based high-throughput screening combined with chemo/bioinfor-
matic and biochemical analyses recently revealed a novel compound MI-181 as a potent mitotic
inhibitor with heightened activity towards melanomas. MI-181 causes tubulin depolymerization,
activates the spindle assembly checkpoint arresting cells in mitosis, and induces apoptotic cell
death. C2 is an unrelated compound previously shown to have lethal effects on microtubules in
tumorigenic cell lines. We report 2.60 A and 3.75 A resolution structures of MI-181 and C2, respec-
tively, bound to a ternary complex of af-tubulin, the tubulin-binding protein stathmin, and tubulin
tyrosine ligase. In the first of these structures, our crystallographic results reveal a unique binding
mode for MI-181 extending unusually deep into the well-studied colchicine-binding site on f-
tubulin. In the second structure the C2 compound occupies the colchicine-binding site on p-tubulin
with two chemical moieties recapitulating contacts made by colchicine, in combination with
another system of atomic contacts. These insights reveal the source of the observed effects of Mi-
181 and C2 on microtubules, mitosis, and cultured cancer cell lines. The structural details of the
interaction between tubulin and the described compounds may guide the development of improved
derivative compounds as therapeutic candidates or molecular probes to study cancer cell division.
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Introduction

The development of tubulin-targeting compounds
that affect the rapid cell division cycle of cancerous
cells is a treatment approach that remains clinically
relevant with several successful examples. However,
many chemotherapeutic agents in use have prob-
lems related to their complex syntheses, toxicities,
and resistances observed in clinical cancer set-
tings.1? High-throughput screening (HTS) studies
have explored many compounds in an effort to iden-
tify new, efficacious candidates against cancer
cells.>1° On the basis of the key role microtubules
play in cell division, focused screening approaches
have examined the effects of diverse compounds on
microtubules directly and on the mitotic (M-phase of
the cell cycle) events they coordinate. We recently
identified a specific M-phase inhibitor, MI-181 (CID
17543402) [Fig. 1(A)], which targets tubulin.!!
Extensive characterization revealed inhibition of
tubulin polymerization, spindle assembly checkpoint
(SAC) activation, mitotic arrest, and induction of
apoptosis in cells treated with MI-181. Similarly,
prior studies identified C2 (CID 663143) [Fig. 1(A)]
as a compound that disrupts microtubule organiza-
tion and kills cancer cells.'? Fluorescence studies in
cultured cells and tubulin polymerization experi-
ments indicated loss of microtubule organization
and delayed polymerization kinetics in vitro. How-
ever, the compound was postulated to target a pro-
tein associated with microtubules and not tubulin
directly.

The studies that identified MI-181 and C2 did
not determine how each compound bound its prospec-
tive target. Structural information from X-ray crys-
tallography enhances HTS techniques by providing
chemical insight into how compounds exert their
effects. Extensive cryo-electron microscopy analysis of
microtubules has been complemented by detailed
structural studies of tubulin through stages of
advancement from electron crystallography to X-ray
crystallography.'®>'® Complexation with tubulin bind-
ing proteins, in particular stathmin and stathmin-
like domains, enabled the first X-ray crystallographic
studies of tubulin heterodimers bound to small mole-
cules, which bind to the curved form of stathmin-
bound «f-tubulin (T,R).}*21  Stathmin-related
domains bind two op-tubulin heterodimers in a
curved conformation that may represent the unpoly-
merized population of heterodimers recognized by
diverse binding partners.?? Structures of tubulin het-
erodimers derived from polymerized microtubules
exhibit a straight conformation that is not observed
in the presence of stathmin or other microtubule-
associated proteins.'®1523-27 Later studies of tubulin
modification by tubulin tyrosine ligase (TTL) afforded
higher-resolution structures of ternary complexes of
tubulin bound to stathmin and TTL (TeR-TTL), and
subsequently drug compounds of interest.!®258-30

McNamara et al.

Here we present the structure of the ToR-TTL
ternary tubulin complex bound to MI-181 deter-
mined to 2.60 A resolution. We elucidate the connec-
tion between MI-181 binding and its observed effects
on mitotic cells by describing the key interactions
and the structure of tubulin in the MI-181-bound
state. The 3.75 A resolution crystal structure of ToR-
TTL tubulin bound to C2 is also described here. Our
work clarifies the binding properties of this com-
pound and reveals the structural basis of its effect
on microtubules.

Results and Discussion

Structure determination
The crystal structure of tubulin bound to two
ligands described here was obtained using an estab-
lished system for tubulin crystal growth.'®! Initial
efforts to crystallize tubulin following an approach
in which only the stathmin-like domain facilitates
crystal growth never recapitulated previously
described results.'*®? Briefly, bovine of-tubulin,
human RB3 or rat STMN4 stathmin-like domain,
and chicken TTL reconstitute to form a TeR-TTL
complex, which readily crystallizes. The inclusion of
TTL enables an alternative crystal packing arrange-
ment resulting in higher resolution diffraction data
and has proven effective in studying the binding of
diverse microtubule-targeting agents.28-3°

A single crystal form grown using TyR-TTL
soaked with either MI-181 or C2 gave two crystals
from which diffraction data were collected. The crys-
tal soaked with MI-181 exhibited diffraction to at
least 2.60 A and the crystal soaked with C2 dif-
fracted to at least 3.75 A. The final resolution cutoffs
described here were determined optimally from a
subset of diffraction images that took into considera-
tion the signal-to-noise ratio for reflection intensities
and the random half-data set correlation coefficient,
CCyp®

The ToR-TTL structures with MI-181 and C2
bound to B-tubulin identify the previously unknown
binding sites for each compound [Figs. 1(B) and
1(C)]. Secondary structure elements and sequence
numbering of tubulin are based on the initial struc-
tural studies of tubulin.'® Both compounds occupy a
binding pocket in the intermediate domain of (-
tubulin that forms the interface with the a-subunit
(residues 206—384). Other structural domains in the
B-tubulin subunit include the nucleotide-binding
domain (residues 1—-205) and a C-terminal helical
domain from residue 385 to the C-terminus. Only
MI-181 is in proximity to the nucleotide-binding
domain, which binds and hydrolyzes GTP within the
B-subunit.

Tubulin retains a curved structure in the pres-
ence of MI-181 and C2 as observed similarly with
colchicine and other molecules that interact with the
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This figure also includes an iMolecules 3D interactive version that can be accessed via the link at the bottom of this figure’s caption.
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Figure 1. MI-181 and C2 target B-tubulin near the interface between tubulin subunits. A: The chemical structures of MI-181
and C2. B: A single ap-tubulin heterodimer is shown («, pink; B, blue) with the two other protein components of the ternary
T,R-TTL crystallization assembly removed for clarity. Secondary structural elements, amino-, and carboxy-termini are labeled
for B-tubulin. MI-181 (orange) binds deep within the B-subunit away from the aT5 loop. C: Same as B, shown in orange is C2
binding more proximal to the a-subunit in contact with the aT5 loop. Use this link to access the interactive version of this figure

expansive binding pocket on B-tubulin.'®*2° Superim-
position of the taxol-stabilized straight tubulin hetero-
dimer B-tubulin subunit with the B-tubulin subunit in
our heterodimer structures indicates a rotational offset
of the a-subunits. An 11° or 9° discrepancy is present
depending on whether the respective analysis uses
least-squares fitting or mass-weighted axes represent-
ing each heterodimer. This is in close structural agree-
ment with the curvature observed in stathmin-bound
tubulin with no depolymerizing compounds bound.*3*
The rmsd of B-tubulin over 416 Ca atoms for each
compound when superimposed on the apo-ToR-TTL
structure is 0.36 A and 0.34 A for MI-181 and C2,
respectively.’® These results indicate that no large
structural rearrangements occur in B-tubulin when
bound to MI-181 or C2.

MI-181 and C2 target B-tubulin

The tubulin-MI-181 crystal structure reveals an
unanticipated binding mode where MI-181 fills an
elongated pocket with contacts to beta strands S5
and S6 of the nucleotide-binding domain of J-
tubulin [Fig. 2(A)]. The T5 loop of the a-subunit is
not in direct contact with the MI-181 molecule,
which contrasts with the interactions that loop
makes with many other colchicine-site binding mole-
cules.'®19:3% MI-181 binding does not mimic that of
colchicine, whereas it shares similarity with the
bound state observed for the molecule TN16.1° A
small degree of overlap is observed only between the
dimethyl groups of the benzothiazole group of MI-
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181 and the trimethoxybenzene ring of colchicine
[Figs. 3(A) and 3(B)]. The orientation of MI-181 is
modeled more confidently than TN16 due to higher
resolution diffraction data and a higher degree of
asymmetry in the compound chemical structure.

Hydrogen bond acceptors in MI-181 are satisfied
by contacts with side chains in B-tubulin as well as
one nearby water molecule in the binding site [Fig.
2(A)]l. The water molecule is coordinated by the
nitrogen of the dimethylbenzothiazole group and the
carboxylate of Glu200 on strand 6 with hydrogen
bond lengths of 2.8 A and 2.3 A, respectively. The
nucleotide-binding domain extends an additional
residue, Asn167 on strand 5, to hydrogen bond with
the pyridine nitrogen (3.0 A distance between the
non-hydrogen atoms). The crystal structure places
the thiol group of Cys241 in close proximity to the
thiazole sulfur of the bound MI-181 molecule. The
geometry and spacing (3.5 A between heavy atoms)
are suggestive of a weak hydrogen bond, with the
thiazole sulfur serving as the acceptor. Hydrogen
bonding surveys support the occurrence of bona fide
hydrogen bonds involving sulfur atoms, but they are
relatively uncommon, especially where sulfur acts as
the acceptor.?*7 In the present case, for example,
where the resolution does not give an indication of
the position of the thiol hydrogen, the structural
information only suggests a very weak interaction.>®
However, Cys241 thiol hydrogen bonding is thought
to be a critical bond important in the design of
potent microtubule destabilizers.>®

Structures of Tubulin Complexed with Anticancer Compounds


http://imolecules3d.wiley.com:8080/imolecules3d/review/LSy2CmKoqcewQ6yaNOXsO3xnzU3OaCqrsjVQMXv0ThIQHlosuNKv5Y7xrIgyCDSO773/1531

This figure also includes an iMolecules 3D interactive version that can be accessed via the link at the bottom of this figure’s caption.

Figure 2. MI-181 and C2 make diverse contacts in the colchicine-binding region of B-tubulin. A: Stereo view of the MI-181
binding site in B-tubulin. Secondary structure and residues interacting with the molecule are labeled. Hydrogen bond distances
are indicated and water molecules are shown as red spheres. Overlaid is the oa-weighted Fops-Fcaic difference electron density,
contoured to +3.00 (green mesh), following molecular replacement and rigid body refinement in the absence of ligands. B: As
in A, stereo view of the interactions between C2 and aB-tubulin. Use this link to access the interactive version of this figure

Other nonpolar contacts from the surrounding
secondary structure line the tubular pocket in which
MI-181 binds. These residues include Tyr202 from
strand 6, Val238 and Thr239 from helix 7, Leu248
from the T7 loop, Leu255 and Met259 from helix 8,
Ala316 from strand 8, and Ala354 from strand 9
[Fig. 2(A)]. The conformation of Leu255 is similar to
the conformation observed in the TN16-bound tubu-
lin structure, which differs from that of other
colchicine-site ligands.'®'%2° In the bound-state
with other compounds, Leu255 of B-tubulin typically
occupies the space where the coordinated water mol-
ecule is observed near MI-181.

Only one molecule of MI-181 is modeled with
full occupancy based on interpretable difference elec-
tron density. Inspection of the difference electron
density maps during refinement and the introduc-
tion of occupancy refinement support the inclusion
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of a second molecule of MI-181 bound to the second
B-tubulin subunit in the asymmetric unit, albeit
with less than 100% occupancy. The second molecule
is modeled with less than full occupancy and a par-
tially occupied unbound conformation of the T7 loop.

The crystal structure of C2 bound to tubulin
elucidated here is similar to structures of colchicine
and other compounds bound in the main region of
the colchicine-binding site. Two molecules of C2 are
bound to the two B-tubulin subunits in the asym-
metric unit and were modeled into their respective
sites based on difference electron density [Fig. 2(B)].
The diffraction quality of the C2-TeR-TTL crystals
warranted cautious placement of the bound mole-
cules that ultimately appears valid at the moderate
resolution. The asymmetry of C2, particularly the
ethoxyphenyl group and the sulfur-containing thia-
diazine ring, enabled unambiguous placement of the
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Figure 3. Comparison of MI-181 and C2 binding with colchicine, TN16, and BAL27862 binding on B-tubulin. A: The chemical
structures of colchicine, TN16, and BAL27862. B: The MI-181 (orange) binding site with tubulin-bound colchicine (gray) and
TN16 (magenta) superimposed using the B-subunit. Residues interacting with MI-181 are shown as sticks and labeled. Resi-
dues that interact with C2 are highlighted with transparency. C: As in B, the C2 (orange) binding site superimposed with colchi-
cine (gray) and BAL27862 (magenta). Residues that interact with MI-181 are transparently depicted.

molecule. Manual placement was subsequently com-
pared against placement by the LigandFit module of
PHENIX and AutoDock Vina.?*™? LigandFit placed
the molecule into difference electron density in the
same orientation as the final manual choice, and
AutoDock Vina failed to dock the molecule in alter-
native conformations within the binding site.

The three substituent rings of colchicine overlap
with the chemical groups of microtubule depolymer-
izers of diverse chemical structure. C2 overlaps two
of the ring structures of colchicine and includes a
single group that extends to contact additional sec-
ondary structure elements in B-tubulin [Fig. 3(A,C)].
The ethoxyphenyl group of C2 occupies the same
binding region as the methoxytropone ring of colchi-
cine, extending towards the a-subunit. Asn258 and
Met259 on helix 8, Thr314 on strand 8, and Val181
of the aT5 loop are direct interactions found at the
subunit interface. Further into the binding pocket,
the triazolothiadiazine group is found roughly in the
same position as the trimethoxybenzene ring of col-
chicine. The pocket of residues surrounding the tria-
zolothiadiazine group includes Cys241 on helix 7
hydrogen-bonding to a triazole nitrogen from 3.3 A
away, Leu248 and Ala250 on the T7 loop, and
Leu255 on helix 8.

An additional heptalene ring with an acetamide
group in colchicine usually forms more interactions
with the protein in this region. However, C2 lacks
that moiety and forms new contacts with an
extended methoxyphenyl group buried by Ala316
and I1e318 on strand 8, Leu248 on the T7 loop, and
I1e378 on strand 10. The amphiphilic aniline group
of the microtubule-destabilizing drug BAL27862
was also observed in this region of the binding
pocket.®°
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Biological insights of tubulin-targeting
compounds

Two promising compounds identified from HTS with
unidentified binding sites have been further eluci-
dated here.'"'2 MI-181 interactions with B-tubulin
deviate from the footprint of most molecules that
bind to the well-studied colchicine-binding site. Of
the many crystal structures of tubulin-targeting
agents, only the structure of TN16-bound tubulin
shares similar binding properties to MI-181.'° TN16
and MI-181 bind in roughly the same spot of the
extended pocket near the nucleotide-binding domain
of B-tubulin. However, MI-181 is structurally distinct
and the benzothiazole scaffold is present in at least
eight FDA-approved therapeutics.™ A broad spectrum
of melanoma cell lines showed sensitivity to MI-181
with cell-viability ICso values below 40 nM for most
melanomas.!! These properties make MI-181 an
attractive candidate for developing new small mole-
cules for the treatment of cancers.

The interactions observed in the crystal structure
of C2-bound tubulin directly implicate tubulin as the
target of C2. C2 binding to B-tubulin resembles the
bound-state of BAL27862, a microtubule depolymer-
izer of which a prodrug, BAL101553, has entered
phase Ila trials in humans.*® The ethoxyphenyl moi-
ety of C2 makes the chemical structure distinct from a
panel of caspase activators comprising triazolothiadia-
zine analogs.** C2 potently inhibits growth of multiple
cell lines derived from fibroblasts and breast tissue.'2
The ability to specifically target certain cancerous cell
types increases the need to further study the effects of
C2 and possible derivatives compatible with the struc-
tural details revealed in the crystal structure.

Structural insight into the mechanisms of com-
pounds identified through HTS methods remains

Structures of Tubulin Complexed with Anticancer Compounds



Table I. X-ray Data Collection and Refinement Statistics

ToR-TTL MI-181

T,R-TTL C2

Data collection

Space group

Unit cella b ¢ (A), a= =7 ()
Resolution range (A)a

Unique reflections

P

104.83 157.65 181.03, 90
90.72—2.60 (2.69—2.60)
92610 (9094)

21212, P2,2,2
105.2 157.69 181.92, 90
91.07 - 3.75 (3.88 - 3.75)

31487 (3092)

Multiplicity 6.7 (6.5) 4.4 (4.6)
Completeness (%) 99.76 (98.99) 99.25 (99.39)
Mean I/a(1) 17.89 (1.69) 4.83 (1.40)
Roerge” 0.076 (1.076) 0.371 (1.404)
CCp° . 0.99 (0.63) 0.98 (0.49)
Res. <I/o>~2 (A 2.65 3.90
Wilson B-factor 62.9 81.8
Refinement

R-work/R-free (%) 18.8/23.1 23.9/21.9
No. of nonhydrogen atoms 17,335 17,035
Macromolecules 17,000 16,823
Ligands 224 196
Water 111 16
Protein residue§ 2137 2,124
RMSD(bonds) (A) 0.002 0.002
RMSD(angles) (°) 0.55 0.47
Ramachandran favored (%)° 97.0 96.0
Ramachandran allowed (%) 3.0 4.0
Ramachandran outliers (%) 0.0 0.0
Clashscore® . 2.86 3.76
Average B-factor (A?%) 76.1 99.5
Macromolecules 76.4 99.7
Ligands 67.1 83.8
Solvent 53.9 78.4
PDB ID 4YJ2 4YJ3

? Values in the highest resolution shell are shown in parenthesis.
b Rperge =2 | I-<I> | / £ T where I is the integrated intensity of a given reflection.

¢ CCy is the random half-data set correlation coefficient®®

tion of traditional resolution criteria.
4 Rivee was calculated using 10% of the data.

and the resolution at which <I/o>~2 (A) is given for interpreta-

¢ Percentages of residues in Ramachandran plot regions and clashscores, or the numbers of unfavorable all-atom steric
overlaps > 0.4 A per 1000 atoms, were determined using MolProbity.>®

important for understanding small molecules with
therapeutic potential. Chemical libraries generally
contain diverse molecular structures, and this often
results in identified hits with unclear targets or bind-
ing properties. Structure-activity-relationship (SAR)
studies are better guided with the knowledge of what
modifications to a molecule may be allowed or forbid-
den due to the surrounding interactions with its target
protein. Other properties of promising candidates may
be improved with the development of derivative com-
pounds that show fewer off-target effects, improved
solubility, or more desirable absorption, distribution,
metabolism, excretion, and toxicity (ADMET) charac-
teristics. The structures of tubulin bound to MI-181
and C2 described here may enable the improvement of
these potent, anticancer compounds as additional
studies further examine the two compounds.

Materials and Methods

Luria-Bertani medium also known as lysogeny broth
(LB) was purchased from EMD Millipore (Gibbstown,
NJ).*5 Antibiotics, DNase I, and lysozyme were from

McNamara et al.

Sigma Chemical Company (St. Louis, MO). Isopropyl
B-D-1-thiogalactopyranoside (IPTG) and dithiothreitol
(DTT) were from Gold Biotechnology, Inc. (St. Louis,
MO). The compounds MI-181 and C2 (>95% purity)
were purchased through MolPort (Riga, Latvia). Pro-
tease inhibitor tablets and other chemicals were from
Roche and Fisher Scientific, respectively (Indianapo-
lis, IN and Pittsburgh, PA).

The rat STMN4 stathmin-like domain with the
mutation Phe20Trp and chicken TTL genes were
cloned into pET22b(+) (Novagen) with no additional
residues or a C-terminal hexahistidine tag, respec-
tively. The proteins were recombinantly expressed
and purified using established methods.'®*¢ Lyophi-
lized bovine brain tubulin (>99% purity) was pur-
chased from Cytoskeleton, Inc. (Denver, CO),
reconstituted to form ToR-TTL complexes, and crys-
tallized with sitting-drop vapor diffusion as described
previously.'®3! Crystals were soaked for 24 h in well
solution containing 1 mM compound with 10%
DMSO. The crystal soaked with MI-181 was cryopro-
tected in Paratone-N oil and the C2 complex crystal

PROTEIN SCIENCE ‘ VOL 241164-1172 1169



was cryoprotected in well solution with 16% total
glycerol then flash-frozen in liquid nitrogen.
Diffraction data were collected at 100K at the
Advanced Photon Source (APS) Northeastern Collab-
orative Access Team (NECAT) beamline 24-ID-C on
a DECTRIS PILATUS 6M-F detector. The data col-
lection and refinement statistics are reported in
Table I. Data from both crystals were processed
using XDS/XSCALE.*” The program Phaser?® was
used to solve both structures by molecular replace-
ment (MR) using a high-resolution colchicine-bound
structure of ToR-TTL (PDB ID 402B) with all non-
protein atoms removed as the search model.? Both
asymmetric units contain one complex of ToR-TTL.
Residue numbering for tubulin and stathmin are
based on previously established conventions.!®%¢ MR
solutions were initially refined with rigid-body
refinement using the phenix.refine module of PHE-
NIX.*® Ligand structures and restraints for MI-181
and C2 were generated with SMILES input for phe-
nix.eLBOW? using AM1(RM1) geometry optimiza-
tion, followed by manual restraint of the ethylene
linker in MI-181 to the (E)-isomer.’>%? Placement of
MI-181 and C2 was carried out manually and subse-
quently compared to the placement calculated by the
LigandFit module of PHENIX.*1*2 The placement of
C2 was further examined using AutoDock Tools and
AutoDock Vina.*® Partial atomic Gasteiger charges
and hydrogens were added to models of C2 and the
TeR-TTL structure in the absence of C2. The
colchicine-binding site was used to center the grid
search box with a volume of 40 X 40 X 40 A using
an exhaustiveness parameter of 24. Other ligands in
the structures were added early in refinement after
inspection of the mF,-DF, difference map in Coot.??
Both structures were parameterized with individ-
ual coordinate and individual (MI-181) or grouped-
per-residue (C2) isotropic atomic displacement
parameter (ADP) refinement with translation libra-
tion screw-motion (TLS) group definitions matching
previous ToR-TTL structure group definitions.!>?*
Iterative cycles of alternating refinement and model
adjustment in Coot were performed using 2mF-DF,
and mF,-DF, difference maps to obtain the final mod-
els. Residues primarily in TTL with real-space den-
sity correlation coefficients below 0.6 were omitted
from the model. The coordinates of the final models
and the structure factors have been deposited in the
Protein Data Bank with PDB codes 4YJ2 and 4YJ3.
Structures were analyzed wusing Chimera and
PyMOL, distance measurements were calculated
using B-tubulin from chain B of the structure coordi-
nates, and all figures were prepared in PyMOL.?57
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