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ABSTRACT: EgS/KSP is a promising mitotic spindle target for drug discovery in cancer chemotherapy and the development
of agents against fungal diseases. A range of EgS targeting compounds identified by in vitro or cell-based screening is currently in
development. We employed structure-based virtual screening of a database of 700 000 compounds to identify three novel EgS
inhibitors bearing quinazoline (24) or thioxoimidazolidine (30 and 37) scaffolds. The new compounds inhibit EgS ATPase
activity, show growth inhibition in proliferation assays, and induce monoastral spindles in cells, the characteristic phenotype for
EgS inhibiting agents. This is the first successful reported procedure for the identification of EgS inhibitors via receptor—ligand

interaction-based virtual screening.

B INTRODUCTION

Kinesins are a large superfamily of motor proteins that partic-
ipate in various biological phenomena including mitosis and in-
tracellular transport of vesicles and organelles.” Kinesin spindle
protein (KSP, also known as HsEgS) is a slow, plus end-
directed motor of the kinesin-5 subfamily.>* Kinesin-S exists as
a homotetramer, where two kinesin-S dimers bind together in
an antiparallel manner to form a “dumbbell-shaped” molecule.*
Kinesin-$ cross-links microtubules (MTs) of opposite polarity
and slides them apart.” Consequently, kinesin-$ plays a critical
role in bipolar spindle formation during mitosis, and inhibition
of EgS function leads to cell cycle arrest at mitosis with the
formation of monoastral spindles and, ultimately, to cell death
under certain conditions.® Mitotic arrest provokes apoptosis mainly
through the intrinsic apoptotic pathway.®

The clinical relevance of blocking tubulin function in anti-
cancer therapy has been demonstrated by, for example, taxol.
Taxol is a well-characterized MT inhibitor approved for breast
cancer treatment’ as well as ovarian, lung, bladder, prostate,
melanoma, and esophageal cancers. Inhibition of tubulin can
lead to cell division arrest and subsequent apoptosis of cancerous
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cells.* A number of other compounds interfering with tubulin
dynamics have also been reported such as vinca alkaloids,
colchicines, and synthetic agents. However, these compounds
suffer from solubility problems, neurotoxicity, drug resistance,
and disruption of cellular transport.'®"" Because these tubulin
inhibitors have undesirable effects, it is necessary to investigate
possible alternative targets, which may have a better safety profile.

One alternative target is EgS. In humans, EgS is not involved
in postmitotic processes, such as neuronal transport, and its
inhibition is not expected to cause the peripheral neuropathy
that is often associated with tubulin-targeting agents.'> The im-
portant role of EgS in mitotic progression makes it a promising
new target for drug discovery. Furthermore, it is most abundant
in proliferating human tissues and is highly expressed in tumors
of the breast, colon, lung, ovary, and uterus.” Given the like-
lihood of an improved safety profile through targeting Eg$, it is
desirable to identify and investigate small molecule inhibitors
for this target. A number of Eg5 inhibitors have been reported,
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namely ispinesib,13 MK-0731,"* ARRY-520,"*""" monastrol,'®
S-trityl-L-cysteine,'” and several other small molecules.**~>’
Ispinesib is a well understood EgS inhibitor currently in multiple
phase II clinical trials. It has an acceptable safety profile with no
indications of neurotoxicitym’28 and is 40 000 times more active
against EgS compared to other kinesins.”® As a result of these
encouraging findings, we have undertaken a virtual screen to
discover further EgS inhibitors.

In the modern drug discovery process, virtual screening (VS)
offers an integrated apgroach that may lead to the identification
of novel lead molecules.**' Virtual screening can be largely divided
into two approaches, the first being a ligand-based virtual screenin§
including the use of druglike filters, 2D similarity,32 3D-shape,3
pharmacophore,34 field-screen,® Q_SAR,36 and QSPR.*” These
methods can be used to filter down a large database into a few
compounds. A second method is based on structure-based
virtual screening. According to this method, a receptor binding
site is used to screen small molecule libraries by means of
docking.®® Although a huge amount of structural data has been
published for this target, no successful method for structure-
based virtual screening has been reported yet. So far, Liu et al.*’
developed a four-feature pharmacophore model and Jiang
et al.** docked various known Eg$ inhibitors and explained the
importance of the minor binding pocket in increasing the
binding affinity.

A number of research groups have produced successful results
by combining ligand- and structure-based models in VS.*'~*
To date, there is an increasing number of crystal structures of
KSP in complex with different inhibitors available in the protein
data bank (PDB).** In the present work, we have developed
interaction-based pharmacophore models (IBPs) and applied
them to filter the ChemDiv database with the hits being
passed to an in silico docking procedure. We have used six EgS
crystal structures in complex with diverse ligand structures for
pharmacophore modeling and 16 structures to validate our
docking protocol. The use of a number of pharmacophore models
generated from various crystal structures could reflect successfully
various inhibitor binding modes.*' Docking of several ligands
into their respective crystal structures by FlexX, FlexX-Pharm,
Surflex, LigandFit, GOLD, and GLIDE disclosed the best method
that reproduces the bioactive conformation. In addition to the
binding mode analysis, we have also conducted enrichment cal-
culations to rationalize the suitable scoring function that ranks the
active compounds at the top level of database sampling. From the
various docking trials conducted, we identified that GOLD and
GLIDE are optimal methods to regenerate the binding con-
formation close to the experimentally determined one, yielding
high enrichment values. Therefore, we used both docking methods
in VS following our pharmacophore search. Screening of the
ChemDiv database containing 700 000 compounds yielded three
hits, which inhibit EgS in vitro, in proliferation assays of two tumor
cell lines (HT-29 and DU-145), and induce monoastral spindles,
the typical phenotype observed when inhibiting EgS. To the best
of our knowledge, this is the first report on successful virtual
screening for novel EgS inhibitors.

B RESULTS AND DISCUSSION

Generation of Pharamcophore Models. We report how
a set of IBP models is generated from experimentally deter-
mined EgS—ligand structures. In total, six IBPs with diverse
ligands and interactions were used to develop seven pharma-
cophore models (Figure 1). Because in the EgS mon-97 com-
plex (2IEH) the OH group oxygen acts as an electron acceptor
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and the hydrogen is a donor, two pharmacophore models were
developed. All pharmacophore models are composed of at least
five features, with the exception of 2UYM, exhibiting six features,
five of which are hydrophobic (Table 1). Every IBP has at least
two hydrophobic features, which facilitate the ligand binding in
the predominantly hydrophobic pocket. Hydrogen bonds formed
by protein—ligand complexes within 3.5 A were converted into
acceptor or donor features in the IBPs.

Protocol Development for Structure-Based Design.
Docking results of several ligands to their respective protein
conformations are summarized in Table 2. A smaller root-
mean-square deviation (RMSD) ensures the closeness of the
predicted with the experimental pose. It is apparent that the
RMSDs for GOLD, SurFlex, and GLIDE are better than those
of other docking protocols. LigandFit, FlexX-Pharm, and FlexX
have higher deviations from the bioactive conformation. Not
surprisingly, the mean RMSD for FlexX is not in an acceptable
range when compared to others. However, introducing pharma-
cophore constraints allows prediction of the conformation of
the experimental pose. Enrichment calculations were conducted
to rationalize the docking results (Table 3). Among the various
docking protocols tested, GOLD outperformed the others with
enrichments of 394 at 1% sampling. Following GOLD, FlexX-
pharm and Glide have enrichment values of 347.9 and 297 at
1% of sampling, respectively. However, in the case of FlexX-
pharm the total number of compounds docked successfully was
very low. Moreover, the binding pose prediction analysis shows
inconsistent results, the average rms deviation being on the
order of 7.7 A + 4.4 A. Therefore, we did not employ FlexX-
Pharm for virtual screening. Enrichment of LigandFit hits
sorted on the Jain scoring function is neither lower nor better
than that for GLIDE. Flex-X, LigandFit hits sorted on DOCK
scoring function, and Surflex did not report any active com-
pounds at 1% of sampling; therefore, these methods were not
suitable in this case. On the basis of this enrichment assess-
ment, we decided to use GOLD and GLIDE for extensive
virtual screening.

Virtual Screening. The virtual screening campaign
conducted to screen for novel EgS inhibitors started with
pharmacophore searching and docking. First, seven interaction-
based pharmacophores (IBP) were searched against the ChemDiv
database; detailed information about the hits obtained by
pharmacophore-based screening is given in Table 4. All seven
pharmacophore models coupled with shape query were searched
in parallel. Every ligand conformation was fitted to the
pharmacophore and ranked according to the highest fit values.
The pharmacophore searching reduced the database to a large
extent, as there were two criteria to satisfy. First, the database
compounds had to pass the shape tolerance and had to match
the pharmacophore features. The compounds were sorted
according to their FitValues, which were always less than the
number of features present in the pharmacophore. The 2UYM
pharmacophore identified a compound with the highest fit-
value of 4.383, as this pharmacophore has more features than
others. In total, 1357 hits (0.2% of the entire database) were
retrieved as a result of the IBP-based search, and these com-
pounds entered the next level of filtering (Figure 2). The hit
compounds were assumed to be in a bioactive conformation
and considered as a suitable starting conformation for structure-
based design. The IBP-based hits were docked to their cor-
responding structures by GOLD and GLIDE (6 X 2 trials). All
compounds were successfully docked and sorted based on the
Gold fitness or Glide score; molecules found in the top list
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Figure 1. IBPs generated from six crystal structures. Hydrogen bond acceptors (green), hydrogen bond donors (magenta), and hydrophobic (cyan)
features are displayed. The shapes of the compounds are represented in gray.

Table 1. Pharmacophore Models and Their Features with
Location Constraint Radius (A)“

sphere radius (A)

pharmacophore (PDB ID) Ac. Do. Hy. Ac. Do. Hy.
2FME 0 4 1.6, 2.2 - 1.6

2FKY 3 0 2 16,22 - 1.6

2GIQ 1 2 2 1.6, 2.2 1.6, 2.2 1.6

2UYM 0 1 N - 1.6, 2.2 1.6

2IEH 2 1 2 1.6, 22 1.6, 22 1.6
2IEH-modified 1 2 2 1.6, 2.2 1.6, 22 1.6
2Q2Y 3 0 2 1.6, 22 - 1.6

“Ac., acceptor; Do., donor; Hy., hydrophobic.

were considered and especially the compounds ranked at the
top by both methods were given preference. From the top-
ranked compounds, 100 (0.014% of the entire database)
molecules were selected, from which 61 were further chosen
based on visual analysis and diversity. Out of the 59 compounds
obtained from vendors, 29 were reported with a purity of >95%
and 10 with a purity of >90%. Additional controls led to the
elimination of 5 compounds with a purity of <90%. Vendors
could not provide LC/MS data for the 15 compounds; how-
ever, we included those compounds for further evaluation. Finally,
54 compounds were subjected to in vitro and cell-based screening
(Figure 2).

Verification of Novel Eg5 Inhibitors Identified by
Virtual Screening. To unambiguously identify compounds
that inhibit EgS, we performed a range of in vitro and cell-based
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assays. Initially, the whole set of compounds was tested in pro-
liferation assays in two different tumor cell lines (DU14S and
HT29). In parallel, we also measured the compounds for the
inhibition of the basal EgS ATPase activity. Subsequently, the
active compounds identified in these two assays were inves-
tigated for their potential to induce monoastrol spindles in
HeLa cells, the well-described phenotype observed when EgS$ is
inhibited. Finally, the specificity of the active compounds was
tested in vitro against two additional human mitotic kinesins,
HsKifSA and HsKifSC. The results are summarized in Table S.

Inhibition of Tumor Cell Proliferation. The chemical
structures of the 54 compounds tested in growth inhibition
assays and the data for the inhibition of the EgS ATPase activity
are summarized in Table S1 of the Supporting Information.

From the 54 compounds tested in human prostate (DU145)
and human colon adenocarcinoma (HT29) cell lines, 18 com-
pounds inhibited DU145 cells with Gl values in the micro-
molar range, the most effective compound being 52, which has
a Gl value of 8.7 M. In HT29 cells, 21 compounds showed
an inhibitory effect, and 13 effectively inhibited the prolifera-
tion with a GI, value of 0.7 uM but did not inhibit DU14S cells
even at 100 uM. Among the 54 compounds tested, 18 com-
pounds commonly inhibited the two tumor cell lines, in which
52 was the most potent inhibitor for cell growth in both cell
lines.

Inhibition of Basal Eg5 ATPase Activity. The 54 com-
pounds were tested for the inhibition of the EgS ATPase
activity in parallel to tumor proliferation assays. Six compounds
were found to inhibit the basal ATPase activity of EgS. Interestingly,
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Table 2. RMSDs Calculated between Bioactive and Docked Conformations”

Protein (PDB FlexX FlexX-Pharm Surflex LigandFit Gold Glide
ID)
1X88 6,95 0.72 491
2FL6 6.99 IR
20Q27Z 28 2.51 1.99
2UYI .77 0.92
1Q0B 2958 4.89
1YRS 1.11
2FL2 1.8 0.79 5.04
2GM1 097 1.13
3CJO 1.35 3.64
2FKY
2FME 1 1.7
2GIQ . 0.67 431
2IEH 65 246
2Q2Y 5. 8¢ 3.05 4.99
20YM ! 7.89 1522 1.7/
2PG2 A 28 135
Mean (R) G 285 337
Std. dev. (A) 3.06 4.49 2.31 271 2.54 1.98

10 A < RMSD <15A RMSD >

“A color code bar is given according to the RMSD range.

Table 3. Enrichment Calculations of 100 EgS Inhibitors Mixed with 2000 Decoys®?

database sampled FlexX FlexX-Pharm Surflex  LigandFit (DOCK) LigandFit (JAIN) GLIDE GOLD ideal
1% EF 0 347.9 0 0 291 297 394 2100
5% EF 7.96 30.9 8 0 20 136 27.8 400
10% EF 13.9 8.2 6 0 12 53 13 100
compounds docked successfully 2071 167 2100 2037 2037 2077 1970 2100
TP 100 24 100 100 100 100 100 100
TN 1971 143 2000 1937 1937 1977 1870 2000

“Database sampled at 1%, 5%, and 10% of hits. All docking results are summarized, and theoretical ideal enrichment factors are given for comparison.

bTP, true positive; TN, true negative; EF, enrichment factor.

Table 4. Summarized Pharmacophore Screening Results®

pharmacophore (PDB ID) no. of hits fit-value

2IEH 559 3.672—1.003
2FME 482 3.797-1.006
2UYM 169 4.383—1.034
2FKY 71 2.468—1.007
2GIQ 35 3.254—-1.11

2Q2Y 32 2.741—-1.008
2IEH modified 9 3.672—1.048

“The number of hits and their fit-values are shown.

compound 37 showed an ICy, value in the submicromolar
range, whereas most others inhibited EgS ATPase activity in
the micromolar range. Compounds 30, 37, and 38 bear the
thioxoimidazolidine core and were found to be potent EgS
inhibitors in vitro, having ICs, values of 0.58, 1.0, and 2.4 uM,
respectively. Compound 37 is more potent than monastrol;
however, there have been several monastrol analogues reported
previously“’46 that have higher potency. Compound 24, bear-
ing the quinazoline core, inhibits EgS ATPase activity with ICg,
value of 6.3 uM but did not inhibit growth in proliferation assays.
Finally, compound 52 is a purine analogue showing weak potency
(ICso = 41.5 uM). These compounds are novel EgS inhibitors and
will need chemical optimization.

Four of the six compounds inhibiting EgS in vitro were also
potent in both HT29 and DU14S tumor cell lines. Compound

52 is potent, having G, values of 9.3 and 8.7 uM, respec-
tively. However, 52 does not selectively inhibit EgS, indicating
that this compound might have additional cellular targets.
Thioxoimidazolidine-based compounds 30, 37, and 38 are
~2 fold selective to colon over prostate cancer.
Specificity of Novel Eg5 Inhibitors. Compounds inhibit-
ing EgS were tested on two additional human kinesins, HsKifSA
and HsKifSC (kinesin-1 family), to investigate their specificity.
Out of the six compounds tested, 52 was found to inhibit the
two conventional kinesins, showing almost no selectivity over
EgS (ratio of ~0.83). Other compounds are specific to EgS
inhibition and did not inhibit HsKifSA or HsKifSC.
Phenotypic Analysis of Selected Eg5 Inhibitors. Our pre-
vious assays revealed a large discrepancy between compounds
inhibiting growth in proliferation assays (21 compounds) and
compounds inhibiting EgS in vitro (6 compounds), but we only
identified 4 compounds that were active in both in vitro and
cell-based assays. We therefore decided to employ a more EgS-
specific cell-based assay. The compounds exhibiting inhibition
of the basal ATPase activity of EgS and antiproliferating activ-
ities in tumor cells were therefore tested for the ability to in-
duce monoastral spindles. Monoastral spindles represent the
characteristic phenotype of cells treated with known EgS inhib-
itors and is manifested by the nucleation of spindle MTs from
the two centrosomes that failed to separate due to loss of EgS
activity. At 25 uM, compounds 30 and 37 were capable of induc-
ing a significant number of monoastral spindles, with 37 being
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Figure 2. Schematic representation of the virtual screening protocol.

the most active compound compared to the rest. At S0 yM, com-
pounds, 24 and 38 were also capable of inducing a significant
number of monoastral spindles (Figure 3A,B), but they were less
active compared to 37 (see Supporting Information Figure S1).
At the highest concentration tested, 52 did not induce monoastral
spindles.

Applying this assay, we were also capable of explaining why
some of the compounds were active in proliferation assays but
incapable of inhibiting EgS in vitro. Interestingly, cells treated
with compound 18 exhibited bipolar spindles with misaligned
chromosomes, a phenotype that is more compatible with a MT
dynamics inhibitor rather than an EgS inhibitor (Figure 3A,
middle upper panel). Cells treated with compound 20 at 25 M
after 8 h were stressed and no mitotic cells were detected whereas
interphase cells exhibited cortical MT bundles (Figure 3A, right
upper panel). Therefore, the antiproliferative properties of com-
pounds 18 and 20 could be explained by their ability to either
inhibit MT dynamics and/or being cytotoxic. Further analysis of
the activities of 18 and 20 may be worth pursuing in the future.

Modeling-Derived Binding Mode of Novel Eg5 Inhibitors.
Three novel chemotypes targeting EgS have been identified,
and their pharmacophore mapping and interactions in the allo-
steric pocket have been established. Figure 4 depicts the phar-
macophore mapping of 37, 52, and 24 after being overlaid to
2Q2Y, 2FKY, or 2FME IBPs, respectively. The compound fit
values are not very high because they bear distinct scaffolds
compared to the pharmacophore template. On the other hand,
these compounds possess critical features needed to inhibit
EgS. In the allosteric binding site there is a well-defined hydro-
phobic zone where the compounds establish hydrophobic inter-
actions. Compound 37, which is the most potent inhibitor
among the virtual screening hits, forms hydrogen bonds with
Arg221 and Thr222 in addition to hydrophobic interactions
(Figure Sa). In 37 the thioxoimidazolidine core oxygen and the
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fluorine of the p-fluorobenzyl moiety interact with Arg221 and
Thr222, respectively. The superposition of the crystal structure
and the docked pose uncovers a possible binding mode. Strikingly,
the predicted binding mode is closer to the crystal pose
(Figure Sb), and the hydrophobic interactions are very similar
while there is a slight difference in polar interactions. The 2Q2Y
crystal structure-bound ligand establishes hydrogen bonds with
Tyr211, whereas, in 37, this interaction is not present; hence, the
binding mode is deviated. The purine-based compound 57 also
forms well-defined hydrophobic interactions and two hydrogen
bonds with Argl19 and Arg221 as shown in Figure Sc. 24 is a
smaller compound than the two other scaffolds and could not
establish hydrophobic interactions, similar to those of 37 or 52,
and one hydrogen bond with the main chain carbonyl oxygen of
Glul16 (Figure Sd).

Bl CONCLUSIONS

The development of a successful virtual screening protocol by
combining ligand- and structure-based models to identify novel
EgS inhibitors has been described. On the basis of several
available protein—ligand crystal structures, seven interaction
IBP models were generated and applied to screen the ChemDiv
database containing 0.7 million compounds, and only 59 com-
pounds were retained as potential hits. Before docking the IBPs
hits, the best docking methods were identified by predicting the
bioactive conformation and subsequent enrichment calculations.
This validation ensured the ability of various methods in predict-
ing the correct binding mode and sensitivity toward the active
compounds among the decoys. Finally, we found that GOLD
and GLIDE outperformed other programs and therefore applied
both methods to dock the IBP hits to their respective Eg5
structures.

From this screening approach, we understood that IBP can
enhance docking results by providing the optimal initial con-
formation. The pharmacophore hits already retain the closest
conformation to that of the bioactive molecule. Therefore,
docking can generate several conformers from IBP hits, which
are reasonably close to the bioactive form. Figure 6 depicts the
superposition of pharmacophore and docking conformation of
three chemotypes. Compound 37 has several rotatable groups,
and therefore deviations occur; however, the fluorobenzene
groups overlap, having an RMSD of 7.78 A. In 52, docking and
pharmacophore poses overlap closely with an RMSD of 2.53 A.
Compound 24 overlaps with an RMSD of 2.97 A. The analysis
shows that the pharmacophore is very efficient in conformation
modeling especially for compounds having less rotatable groups.

To our knowledge, this is the first successful virtual screening
strategy resulting in the identification of novel EgS inhibitors.
Seven compounds bearing three different chemotypes were
identified and found to inhibit human Eg5 at the enzymatic
level having IC, values in the submicromolar and micromolar
range. We identified compound 37 as a potent agent specifically
targeting EgS, having an ICy, value of 0.58 uM and being
capable of causing the monoastral spindle phenotype in HeLa
cells as well as having appreciable growth inhibition in prostate
and colon tumor cell lines. Similar results were obtained for its
structural analogues 30 and 38. The hits identified by virtual
screening can be a good starting point to develop more potent
EgS inhibitors. Finally, this procedure will be employed to
screen larger databases for new scaffolds inhibiting EgS.

dx.doi.org/10.1021/jm201290v | J. Med. Chem. 2012, 55, 2561-2573
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Table 5. Virtual Screening Hit Compounds Inhibiting Proliferation and ATPase Assay™?

Cmpd Structure IBP model DU-145 HT-29 Inhibition Inhibition Inhibition Monoastral
Glso (uM)  Glso (uM) Eg5 ATPase KifSA ATPase KifSC ATPase spindle
activity activity activity phenotype
IC50 ([IM) IC50 (,uM) ICSO (uM) at 25 H.M
MIA (%) MIA (%) MIA (%) inhibitor
18 2 P 2FME, 2UYM >100 33.7+£2.7 n.i. n.d. n.d. Multiple cells
D el o
s”  NH misaligned
OAD chromosomes
Br
19 oo 2FKY n.i. n.i. 79.1£22.4 n.i. n.i. n.m.s.o.
o\\s\,\ﬂ O by (80)
o
gogly
OH
20 HOL 21EH 21.0+£24 44+03 n.i. n.d. n.d. Interphase
OH ~
°\\§,H s cells affected;
°Y©/ o I on MT bundles;
oH O no mitotic
cells
22 Q 2FKY,2FME, 412+22 19.4+4.0 n.i. n.d. n.d. n.m.s.o.
2IEH, 2Q2Y
05"
;F
24 - 2FME n.i. n.i 63+13 n.i n.i N.m.s.o.
My (60) Monoastral
du spindles at 50
F uM
30 QNH » 2Q2Y 343+£19 177 +£2.8 1.0+0.1 n.i n.i. ~50%
Q)}u (60) monoastral
oy spindles
5
37 O 2Q2Y 31.0+1 16.7+ 1.1 0.6+0.2 n.i n.i Most cells
F‘Q N;}N s (80) show
Do Ss monoastral
© spindles
F
38 (Y 2G1Q 423+1.3 19.6 £3.9 24+0.4 n.i n.i Very few
\o’Q N;}N ¢ (60) monoastral
%y Ss spindles
52 2FKY 8.7+£2 93+1.1 41.5+£4.9 ~50 ~50 n.m.s.o.
(60)

“Gly, values of the compounds calculated by MTT assay using prostate cancer (DU-14S) and colon cancer (HT-29) cell lines. Compounds
inhibiting the ATPase activity of EgS, KifSA, and KifSC are also provided. STLC was used as a control. Some of the compounds are capable of
causing various spindle phenotypes as summarized in the table. “IBP, interaction based pharmacophore; n.i,, no inhibition; n.m.s.0., no monoastral
spindles observed; MIA, maximum inhibition attained; n.d., not determined.

B EXPERIMENTAL SECTION

Generation of Pharmacophore Models. Six crystal structures,
namely, 2FKY,** 2IEH,*’ 2FME,*® 2G1Q,*® 2Q2Y,*” and 2UYM,*
were used to generate pharmacophore models. An IBP is a molecular
framework that carries essential features responsible for a drug’s
(pharmacon) biological activity. Interactions established by protein—
ligand complexes are converted into features and combined with shape
query. Discovery studio 2.5 (Accelrys, San Diego, CA) was used to visualize
and convert the hydrogen bonding features into a pharmacophore query.
The features related to hydrogen bonding have been obtained by measuring
the distance between the hydrogen and the electronegative atom. The
possible hydrogen bonds were considered up to a distance of 3.5 A.
In general, a single hydrogen bond is relatively weak; however, when
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multiple hydrogen bonds are established around the ligand, they can
significantly contribute to binding energy. LUDI*® was used to model
hydrophobic interactions of hydrophobic residues found in the active
site, and for the purposes of our analysis, both aliphatic and aromatic
interactions were treated as a hydrophobic interaction. There are many
hydrophobic points generated in the active site; however, priority was
given to the features that overlap the hydrophobic moiety of the
ligand. LigandScout®" is a program that detects possible interactions
between protein and ligand complexes automatically and converts
the interaction into a pharmacophore model. FitValue is a score that
measures how well the ligands fit the pharmacophore. The higher
the fit score, the better the match. Perfect matching of database
compounds with the pharmacophore centric point results in a high
FitValue.

dx.doi.org/10.1021/jm201290v | J. Med. Chem. 2012, 55, 2561-2573
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Figure 3. Phenotypic analysis of cells treated with selected small molecule inhibitors. (A) HeLa cells were treated with 25 uM of each of the
inhibitors for 8 h and then fixed and stained for indirect immunofluorescence microscopy: MTs (stained in green), centromeres (stained in red), and
DNA (stained in blue). (B) The presence of bipolar spindles and monoastral spindles were scored in untreated control cells and at three different
concentrations of each of the indicated inhibitors, and the % of monoastral spindles were determined and plotted as bar graphs.

Shape query is defined by a set of 3D coordinates, with a cor-
responding radius. Each of these points is the center of the atom, and
the radius varies according to the atoms in the template molecule. The
union of these points and spheres is referred to as shape query, and
during database searching, each molecule in the database is converted
to a similar volume. The two volumes are aligned, and the shape simi-
larity is computed as the volume of the intersection divided by the
union of the volume of the aligned shapes. Bioactive conformation
shape is a true representation of the binding mode; therefore, shape-
based searching can also be a useful approach in finding the
appropriate binding mode of a compound. Ligand shape searching has
been tested on various targets,” and the importance of molecular shape in
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ligand—receptor interactions has been demonstrated by the success of
programs, such as ROCS in virtual screening, which identify similar
molecules based on volume overlap.> The shape query can identify
compounds having similar shape, area, and molecular weight. After
merging of the interaction features and shape query, seven models
were derived (Table 1).

Database Preparation. The ChemDiv database library containing
700 000 compounds was subjected to conformation modeling using
the Catalyst module of Discovery studio 2.5. First, two-dimensional
structures were converted into three-dimensional coordinates, and
every compound in the database was enumerated into 250 or less con-
formations by fast searching method. The quality of pharmacophore
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Pharmacophore : 2Q2Y P_harrnact.:phore:ZFKY 97 Pharmacophore : 2FME
Fit-value : 1.04074 Fit-value : 1.06778 ' Fit-value : 3.0074

Figure 4. Pharmacophore mapping of the three chemotypes and FitValues of (a) 37, (b) 52, and (c) 24. During the pharmacophore mapping, any
one of the features can be missed; therefore, the missed feature is not shown in the picture. Green arrows and spheres represent the acceptor feature,
and cyan spheres correspond to hydrophobic feature. For the sake of clarity, the location constraint and the shape query are not displayed.
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Figure 5. (a) Chemotype 1 (37) interaction with residues of the allosteric site. Orange and white colored sticks are ligand and protein, respectively.
(b) Superposition of the docked pose (cyan) with the crystal structure of the 2Q2Y ligand (magenta). The circles represent the superposition of the
hydrophobic moieties. (c) Chemotype 2 (52) interaction with the allosteric site. Yellow and white colored sticks are ligand and protein, respectively.

(d) Chemotype 3 (24) interaction with the allosteric site. Cyan and white colored sticks are ligand and protein, respectively. The hydrogen bond is
depicted with a green dotted line.
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Figure 7. (2) Human EgS$ in complex with (8)-monastrol” and Mg**ADP. (b) Magnification of the allosteric inhibitor—binding pocket. Monastrol is
colored in magenta with residues surrounding the inhibitor colored in orange.

searching is proportional to the conformation models present in the
database. Conformation modeling depends on the molecule size, flex-
ibility, and choice of algorithm. However, a search of the Multicon-
former ChemDiv database by interaction features merged query can
miss any one of the interaction features. Additionally, the shape query is
mapped to the database candidate compound, and the hit compounds
have to pass though the minimum 0.5 shape similarity tolerance.

Validation of the Docking Protocol. The conventional way of
identifying a suitable docking protocol and scoring function is bio-
active conformation prediction and rank ordering the top actives among
the decoys. Bioactive conformation prediction ensures the ability of the
conformation generation method of any docking program, and the en-
richment calculation is a useful estimation to identify a suitable program
that ranks true positives in the top level of database sampling. In total,
16 crystal structures of EgS that cocrystallized with various inhibitors
(Table 2) were used in the assessment of targeting the allosteric ligand
binding site. The allosteric site is composed of helix @2/loop LS and helix
a3 (Figure 7a), and the active site residues are shown in Figure 7b. We
have used five different docking methods for this purpose, FlexX, >~
SurFlex,”” GOLD,** % Glide,*" and LigandFit.62 In all these programs,
van der Waals (vdW) and other critical parameters were not changed.
Selection of docking programs was based on the availability. The detailed
working principles behind each program and the docking set up are ex-
plained below.
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FlexX and FlexX-Pharm. In FlexX,>*~%° compounds are broken
down into fragments and the base fragment called ligand core is
selected automatically and placed in the active site by pose clustering
techniques. The rest of the ligand fragments are grown incrementally
from other fragments at the active site. Conformational flexibility of
the ligand is addressed by multiple conformations generated to the
fragments at the ligand building stage. The binding energy is estimated
by a scoring function. FlexX-Pharm® also follows the above specified
procedure; in addition, it allows the definition of pharmacophore
constraints. Therefore, important protein—ligand interaction con-
straints can direct FlexX docking. Protein hydrogen atoms were
merged to satisfy the valence; AMBER FF99 charges were adopted to
the protein and minimized with the Tripos force field to reach the
gradient of 0.05 kcal/mol using Sybyl 8.0. The active site was specified
based on the active-site residues such as Glul16—Argl19, Trp127,
Asp130, Alal33, Glyl34, Ile136—Argl38, Leu214—Ala219, Arg221,
and Phe239. Hydrogen bond constraints were defined as observed in
many experimentally determined structures: the main chain carbonyl
of Trpl27 is frequently found to act as a hydrogen bond acceptor
whereas the main chain nitrogen of Argl19 acts as a donor in most of
the cases.

Surflex. This method, different from other docking methods, com-
bines Hammerhead’s empirical scoring function with the molecular
similarity method.>” The active site is represented as a negative image
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called protomol, in which steric/hydrophobic (CH,), hydrogen bond
donor (N—H), and acceptor (C=0) probes are used to access the
favorable interaction. The best interaction points are called sticky spots
and used to align the ligand fragment and also to provide the direction
to grow the fragments. The protein structures prepared for FlexX
docking are used in this case, and the protomol active site is defined
based on the above-mentioned residues.

Gold. GOLD performs automated ligand docking that uses a
genetic algorithm (GA) to explore full ligand flexibility and partial
receptor flexibility. Hydrogen bond-encoded GA directs the proper
binding mode identification.**"*° Each molecule is encoded as a
chromosome in a genetic algorithm, the genetic operators such as cross
over, and mutations evolve a new conformation. Protein structures were
prepared by Herms visualization tool adding hydrogens and deleting
water and ligand molecules. The active-site was defined based on a 10 A
radius surrounding the ligand. In the genetic algorithm search, a
population was set to minimum 100 and maximum 100 000 individual
operations. A maximum of 10 conformations was generated when the
RMSD of the top three scoring poses was more than 1.5 A.

Glide. GLIDE (grid-based ligand docking with energetics)61
searches for the possible location of ligands in several steps. First,
the receptor shape and properties are represented on a grid by dif-
ferent fields. A set of initial ligand conformations is generated, and the
lowest energy conformer is retained for further screening. Initial screens
are performed over the entire phase space available to the ligand to
locate promising ligand poses. The best pose conformation energy is
minimized at the receptor environment with the OPLS-AA force field**
in conjunction with the distance-dependent dielectric model. Finally,
Monte Carlo simulation is conducted between the three to six lowest
energy poses of the previous step to explore nearby torsional minima.
To score the ligand pose, Glidescore is used, which is an expanded
version of ChemScore.*® Prior to docking, the crystal structures were
prepared, adding hydrogens, assigning bond orders, and minimizing
hydrogens. Shape and various properties of the receptor are represented
in a grid cell by various fields. From the ligand centroid, a 20 A slider
was set to cover the entire allosteric site.

LigandFit. LigandFit is a shape-based docking method.®* An
automated cavity detection algorithm is employed to detect invagina-
tions in the protein as an active site region. A sophisticated Monte
Carlo conformation search generates a ligand pose along with the
active site shape. Further grid-based energy minimization of the ligand
pose is applied to determine the protein—ligand interaction energy.
Prior to docking the protein structures were minimized for 100 cycles
of the steepest descent, followed by 500 cycles of conjugate gradient.
The binding site was defined based on the volume occupied by a
bound ligand. The algorithm detected the cavity expelling the ligand,
and the binding site was expanded to several points to cover the whole
allosteric pocket.

Prediction of Bioactive Conformations. Protein-bound ligand
structures were extracted, hydrogen atoms were added, and charges
were calculated using the Gasteiger—Marsili method and slightly
minimized to optimize the newly added hydrogen atoms using Sybyl
(http://tripos.com). Ligands were docked to the respective protein
structures using the five docking protocols. The first ranked pose was
considered as a candidate conformation to compare with the
experimentally derived conformation by calculating the RMSD.

Enrichment Calculations. Enrichment calculation has been used
as a reliable metric to benchmark the methods used in rational drug
design.®®7® Here we used the enrichment calculation to quantitatively
assess the performance of various docking protocols. We used 100 EgS
inhibitors collected from the BindingDB’" database, and only com-
pounds having IC, or K; values less than or equal to 1 M were con-
sidered as active compounds. The physicochemical properties observed
in the active compounds (Table 6) were used to filter decoys compounds
from the ZINCDB’” database. The main purpose of having actives mixed
with decoys is to reflect the realistic situation of virtual screening. The
docking hits obtained by various protocols were considered at 1%, 5%,
and 10% of sampling, and enrichments were calculated accordingly.
Enrichment calculation was performed as follows EF = (N,ye(s) X Nap)/
(N(s6) X Nyctive), where N, ive(s) is the percentage of actives found in x%,
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Table 6. Physicochemical Properties Observed for Eg5
Ligands and Their Range Used in Decoy Preparation

properties range
AlogP 0.994—6.206
molecular weight 280.364—529.444
hydrogen bond acceptors 1-6
hydrogen bond donors 0-3
rota table bonds 1-11
polar surface area 3.24—128.66

N, is the number of compounds used in the test, Ny is the x% of the
compounds used in the calculation of EF(%), N, is the number of all
actives used in the calculation of the enrichment factor, and x% cor-
responds to 1%, 5%, and 10% sampling.

Virtual Screening. All seven IBPs were used in a virtual screen of
the ChemDiv (0.7 million compounds). While searching the pharma-
cophore against the database, we have modified the parameter so that
a pharmacophore can find compounds either matching all the features
or any one of the features can be omitted. The possibility to find com-
pounds having all the pharmacophore features is relatively low. The
fast searching algorithm implemented in Catalyst was used to search
the database. In principle, database searching is performed based on
the feature mapping with every compound in the database and sorting
according to the higher FitValue scores. All the pharmacophore hit
compounds were further subjected to structure-based filtering,

We used GOLD and GLIDE as a combined secondary filter to prioritize
the compounds for in vitro screening. All IBPs hits were docked to
their respective six crystal structures by both docking methods. Hit
compounds were sorted based on the docking score, and the top
ranking compounds were considered. In the sorted list, priority was
given to the compounds that establish patterns of interaction similar to
that of respective bioactive conformations. Finally, the hit compounds
were purchased and subjected to various biological assays as explained
below. Separate LC/MS assessment was carried out with ChemDiv for
the hit compounds in order to verify the purity of the compounds, in
which 15 compounds do not have sufficient samples and 5 compounds
have purity less than 90%. Therefore, the compounds having an impurity
percentage less than 10% will be considered for chemical modification.

MTT Assays. Cytotoxic activities of the hits were investigated
against human cancer cell lines using the MTT assay.”> Human colon
adenocarcinoma (HT-29) and human prostate cancer (DU14S) cell
lines were obtained from the Korean Cell Line Bank, Seoul National
University. Both cell lines were grown in RPMI 1640 (Gibco BRL)
supplemented with 10% (v/v) heat-inactivated fetal bovine serum
(FBS) and maintained at 37 °C in a humidified atmosphere with 5%
CO,. The cells (3 X 10° cells/well) were seeded into 96-well plates.
Various sample concentrations (hit compounds) were added to each
well in duplicate and then incubated at 37 °C with 5% CO, for two
days such that cells are in the exponential growth phase at the time of
drug addition. Fifteen microliters of the Dye Solution (Promega,
CellTiter96) was added to each well and incubated at 37 °C for up
to 4 h in a humidified, 5% CO, atmosphere. After incubation, 100 xL of
the Solubilization Solution/Stop Mix (Promega, CellTiter96) was added to
each well. The plate was allowed to stand overnight in a sealed container
with a humidified atmosphere at room temperature to completely solu-
bilize the formazan crystals. The optical density was measured using a
microplate reader (Versamax, Molecular Devices) at a wavelength of
570 nm, and the effective concentration was expressed as Gl

Inhibition of Eg5 ATPase Activity. All experiments were per-
formed at 25 °C using a 96-well Sunrise photometer (Tecan, Maennedorf,
Switzerland) at a final volume of 100 uL per well. Steady-state ATPase
rates were measured using the pyruvate kinase/lactate dehydrogenase-
linked assay in buffer A25SA [25 mmol/L potassium ACES (pH 6.9),
2 mmol/L magnesium acetate, 2 mmol/L potassium EGTA, 0.1 mmol/
L potassium EDTA, 1 mmol/L f-mercaptoethanol]. The basal ATPase
activity was measured using 200 nM EgS, ;4. For optimal inhibitor solu-
bility, the assays were performed in the presence of up to 2.0% DMSO.
The data were analyzed using Kaleidagraph 3.0 (Synergy Software,
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Reading, PA) and Microsoft Excel to obtain ICs, values. STLC" was
used as a positive control. When necessary, the inhibitory concentra-
tions were adapted, depending on the initial IC, value. Each inhibitory
concentration was measured in triplicate, and averaged data points + SD
are shown. The specificity of the EgS inhibitors was tested using two
other members of the kinesin superfamily, HsKifSA and HsKif5C.

Immunofluorescence Microscopy. HeLa cells were grown in
D-MEM (Gibco BRL; Paisley, UK), supplemented with 10% fetal calf
serum (Hyclone) on poly-p-lysine (Sigma-Aldrich)-coated 12-mm
diameter glass coverslips in 24-well plates. Cells were seeded and
allowed to adhere for at least 36 h before drug addition. Drugs were
diluted appropriately in medium from 25 mM stocks in 100% DMSO
and then added to the cells. Following 8 h incubation with drugs, cells
were fixed by incubation in 2% paraformaldehyde (20 min at 37 °C)
and permeabilized with 0.2% Triton X-100 in PBS for 3 min before
being incubated with primary and stained with secondary antibodies.
Cells were stained with anti-f-tubulin monoclonal antibodies (Sigma)
at 400-fold dilution and human autoimmune antigen-recognizing
centromeres (Immunovision) at 1000-fold dilution for 1 h and then
with Alexa fluor 488-conjugated goat antimouse and Alexa fluor 568-
conjugated goat antihuman secondary antibodies (Invitrogen) at 300-
fold dilution for 30 min; DNA was detected with 4',6-diamidino-2-
phenylindole dihydrochloride (DAPI) with VECTASHIELD mount-
ing medium. The percentage of mitotic cells with monoastral spindles
present in treated cells was calculated over the total number of cells in
mitosis counted after 8 h incubation with drugs. Images were collected
with an inverted Olympus IX81 epifluorescence motorized microscope
equipped with a motorized piezo stage (Ludl Electronic Products,
Hawthorne, NY) and a Retiga-SRV CCD camera (QImaging) driven
by VOLOCITY software (Improvision) with a binning of 1, using a
PlanApo 60X NA1.42 objective (Olympus). Images were processed in
Photoshop version 7.0 (Adobe) and assembled in CANVAS version
8.0 (Denaba Systems).
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