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ABSTRACT: Affinity selection-mass spectrometry (AS-MS) screening of kinesin spindle protein (KSP)
followed by enzyme inhibition studies and temperature-dependent circular dichroism (TdCD) characteriza-
tion was utilized to identify a series of benzimidazole compounds. This series also binds in the presence of
Ispinesib, a known anticancer KSP inhibitor in phase I/II clinical trials for breast cancer. TdCD and AS-MS
analyses support simultaneous binding implying existence of a novel non-Ispinesib binding pocket within
KSP. Additional TdCD analyses demonstrate direct binding of these compounds to Ispinesib-resistant
mutants (D130V, A133D, andA133DþD130Vdoublemutant), further strengthening the hypothesis that the
compounds bind to a distinct binding pocket. Also importantly, binding to this pocket causes uncompetitive
inhibition of KSP ATPase activity. The uncompetitive inhibition with respect to ATP is also confirmed by
the requirement of nucleotide for binding of the compounds. After preliminary affinity optimization, the
benzimidazole series exhibited distinctive antimitotic activity as evidenced by blockade of bipolar spindle
formation and appearance of monoasters. Cancer cell growth inhibition was also demonstrated either as a
single agent or in combination with Ispinesib. The combination was additive as predicted by the binding
studies using TdCD and AS-MS analyses. The available data support the existence of a KSP inhibitory site
hitherto unknown in the literature. The data also suggest that targeting this novel site could be a productive
strategy for eluding Ispinesib-resistant tumors. Finally, AS-MS and TdCD techniques are general in scope
andmay enable screening other targets in the presence of known drugs, clinical candidates, or tool compounds
that bind to the protein of interest in an effort to identify potency-enhancing small molecules that increase
efficacy and impede resistance in combination therapy.

Kinesin spindle protein (KSP1 or Eg5), a member of the
kinesin-5 family, is required for separation of duplicated spindle
poles in prometaphase and thus is critical for the formation of a
bipolarmitotic spindle (1).Members of the kinesin-5 family share
a conserved N-terminal catalytic motor domain followed by a
short (12-15 amino acids) linker leading to a coiled stalk.
Functionally, KSP is a bipolar heterotetramer composed of two

polypeptides that dimerize first to form a parallel coiled coil; then
the two dimers tetramerize into an antiparallel coiled coil
exhibiting two motor domains each at the distal ends. The two
pairs of motor domains bridge adjacent microtubules and use
energy derived from ATP hydrolysis to slide the two strands
relative to each other (2, 3).

KSP is required at the early stage of mitosis and has received
considerable attention as a drug target (1, 4, 5). Inhibition ofKSP
motor function results in mitotic arrest that is characterized by a
misformed mitotic spindle (6). In cancer cells, inhibitors of KSP
may therefore induce cell cycle arrest and lead to cancer cell
death (7, 8). Toward this end, numerous small molecule KSP
inhibitors have been reported; among them are dihydropyrimi-
dinethione 1 (monastrol) (8) and quinazolinones from Cytoki-
netics (Ispinesib, Figure 1a) (7). Several KSP series have been
advanced to preclinical or clinical studies, and ongoing recent
publications from multiple companies highlight the high level of
interest in KSP as an anticancer biological target (9-14). All of
the disclosed series that have advanced into preclinical develop-
ment for KSP have been shown to bind at the monastrol binding
site, including Ispinesib (5, 15).
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Affinity selection-mass spectrometry (AS-MS) techniques
including the proprietary automated ligand identification system
(ALIS) (16, 17) have received recent attention as a way to screen
proteins for ligands in an unbiased manner and theoretically
enable the discovery of compounds that bind at both precedented
and unprecedented sites. The ALIS platform screening condi-
tions were configured to enable the detection of both ADP
competitive and ADP uncompetitive compounds to enable the
capture of the broadest range of ligand series for KSP inhibition.
Among the hit series, the most notable were based on the
benzimidazole series such as compounds 4a and 4b (Figure 1a).
Kinetic analysis of the inhibition of ATPase activity and further
mechanistic studies using temperature-dependent circular di-
chroism (TdCD) confirmed 4a and 4b binding in the presence of
saturating ADP and Ispinesib concentrations, implying existence
of a novel druggable binding pocket in KSP. Interestingly, cell-
based studies showed that the combination of compound 4a

and Ispinesib was additive, in agreement with the TdCD
results. Targeting this novel site in KSP with potent inhibitors
provides additional avenues for addressing issues related to
Ispinesib resistance that has been described in the current
literature (14, 18).

EXPERIMENTAL PROCEDURES

Materials. Ispinesib was synthesized at the Merck Research
Laboratories as the active (R) enantiomer. Its identity was
confirmed by NMR and LC-MS. Series 4 compounds were
synthesized accordingly to previously published methods and
were characterized using LC-MS (19).
Expression and Purification of KSP Motor Domains,

Wild Type, and D130V and A133D Mutants. The KSP
proteins were purified as previously described (20). Briefly, the
motor domain of KSP (amino acids 15-368) was cloned into
pET24a for bacterial expression as an N-terminal hexahistidine
fusion protein. Site-directed mutagenesis was performed on
pET24a-KSP to generate D130V and A133D mutations. The
mutations were confirmed by DNA sequencing (Genewiz Inc.).
The proteins were expressed in Escherichia coli BL21(DE3)
(Novagen) cells for 4 h at 37 �C. The bacterial pellet was lysed
in 50 mM Tris, pH 8.0, 300 mM NaCl, 10 mM imidazole, and
1 mL/L protease inhibitor cocktail III (EMD Biosciences). After
microfluidizing, the lysate was clarified by ultracentrifugaton
(100000g for 1 h at 4 �C) and loaded onto a Ni-NTA agarose
column prequilibrated with lysis buffer. The protein was eluted
with 0-250mM imidazole gradient andwas further purified with

FIGURE 1: Biochemical and biological activities of benzimidazole compounds 4a and 4b. (a) Chemical structure of Ispinesib (left) and series
4 representative compounds 4a and 4b (right). (b) Inhibition of KSP ATPase activity by compounds 4a and 4b in the presence and absence of
microtubules. (c) Effect of Ispinesib (9) and compound4a (2) as single agents on the proliferation ofA2780 cells.Growth inhibition IC50 of 0.56(
0.05 nM and 17 ( 3 μM were determined by Alamar Blue assays for Ispinesib and compound 4a, respectively, as described in Experimental
Procedures. (d) Monoaster formation was observed inHeLa-GFP cells at 50 μMcompound 4a after 18 h incubation. (e) Relative IC50 values for
compound 4aunder limiting (100μMATP, 0.2μMmicrotubules) and saturatingATP (1mM) andmicrotubule (10μM)concentrations. The IC50

measured at 100 μMATP and 0.2 μMmicrotubule concentration was set at 100% for normalization. (f) Binding of compound 4a in the ALIS
system as determined by the recovery of the ligand from the dissociation of the protein-ligand complex from reversed-phase chromatography in
the presence and absence of ADP. The data are shown as normalized mass spectrometry signal response.

http://pubs.acs.org/action/showImage?doi=10.1021/bi1005283&iName=master.img-000.jpg&w=396&h=351
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an S200 gel-filtration column (GE Healthcare). Fractions which
were >95% pure based on SDS-PAGE analyses were pooled.
The purified (nucleotide-free) wild-type KSP was shown to be
fully active in the ATPase assay. The concentrations of WT
and mutant KSP were determined in 6 M GdnHCl using UV
spectrophotometry and an extinction coefficient at 280 nm of
21200 M-1 cm-1 based on the amino acid sequence.
AS-MS Setup for ALIS Screening and Kd Measure-

ments. The general size-exclusion chromatography (SEC) based
AS-MS hardware configuration used in this study has been
described previously (16, 17). Briefly, this system uses continuous
SEC to isolate protein-ligand complexes from unbound library
members. Samples containing a target protein, protein-ligand
complexes, and unbound compounds are injected onto an SEC
column, where the complexes are separated from the nonbinding
component by a rapid SEC step. SEC is performed at 4 �C using
buffered saline, typically 50 mM, pH 7.5, phosphate buffer
containing 150 mM NaCl. The eluant from the SEC column is
passed through a UV detector (Agilent G1314A using a G1313
microflow cell) where the band containing the protein-ligand
complex is identified by its native UV absorbance at 230 nm.
After a pause to allow the band to leave the first detector and
enter a valving arrangement, the protein-ligand complex peak is
automatically transferred to a reversed-phase chromatography
(RPC) column (Higgins Targa-C18, 0.5 mm i.d.� 50 mm length;
Higgins Analytical Inc.). Ligands are dissociated from the
complex and trapped at the head of the RPC column, where
they are desalted and eluted into the mass spectrometer using a
gradient of 0%-95% acetonitrile (0.1% formic acid) in water
(0.1% formic acid) over 5 min using an Agilent capillary binary
pump (G1376A) for eluant delivery at 20 μL/min. To promote
dissociation of ligands from the complex, the RPC column is
maintained at 60 �C using an Agilent G1316A column compart-
ment. In this study, MS analysis was performed using a Waters
LCT “Classic” high-resolution time-of-flight mass spectrometer
(Manchester, U.K.) with positive-mode ionization occurring
from a standard nebulized electrospray ionization (ESI) source
with the capillary at 3.5 kV, a desolvation temperature of 180 �C,
a source temperature of 100 �C, and 30 V “cone” and 3 V
extraction lens settings. For this programwe optimized the ALIS
screening conditions to capture both ATP competitive and
noncompetitive series, with the optimal [ATP] of 3.3 μM
determined by titration (data not shown). Ion current detection
of ligand at expected mass was used to quantify the bound and
free forms observed in the AS-MS setup. Prior calibration was
performed by injecting varying concentrations of ligands in the
binding buffer (20 mM PIPES, pH 6.8, 300 mM NaCl, 0.5 mM
ADP, 2 mM MgCl2, and 1 mM DTT). The experiments were
conducted with and without 300 μMIspinesib, the concentration
which was deemed as saturating under the AS-MS setup. The
experimentally determined bound and free fractions were fitted
to the Scatchard equation for determination of binding con-
stant (Kd) and stoichiometry (n) assuming equivalent noninter-
acting sites.
KSP in Vitro End Point Assay. For the determination of

KSP in vitro enzymatic activity, an end point assay format was
used based on the colorimetric detection of hydrolyzed ATP. In
brief, the purified KSP motor domain protein was incubated in
kinesin buffer (80 mM Na-PIPES, pH 6.9, 1 mM MgCl2, 1 mM
EGTA) for 10min at room temperature in the presence of 0.2 μM
preformed, taxol-stabilized microtubules (Cytoskeleton Inc.,
catalog no. MT001-XL; prepared according to manufacturer’s

recommendations) in the presence or absence of small molecule
candidate inhibitors (final DMSO concentration held constant at
2%) in a reaction volume of 22.5 μL. Following the preincuba-
tion step, the microtiter plates are centrifuged briefly in a table-
top centrifuge prior to addition of 2.5 μL of a 1 mM ATP stock
solution, which initiates the enzymatic reaction. After 1 h
incubation at room temperature, the reaction was stopped by
addition of 50 μLofBiomolGreen reagent (Biomol International
Inc.). Following a 20 min incubation at room temperature, the
plate is transferred to a spectrophotometer, and the absorbance
at 620 nm is measured. The signal is proportional to the level of
free phosphate in solution, which is a direct consequence of
KSP’s ATP hydrolyzing activity. Signal is plotted against in-
hibitor concentration, and a sigmoidal dose response is analyzed
using ActivityBase software (IDBS Inc.) to determine corre-
sponding IC50 values. For IC50 determination at saturation
substrate concentrations, the assay conditionswere kept the same
except either the ATP concentration was increased to 1 mM or
the microtubule concentration was increased to 10 μM. ATPase
activity in the absence of microtubules was measured similarly
but with higher concentration of KSP (200 nM final con-
centration).
Kinetics of KSP Inhibition by Benzimidazoles. ATPase

activity was determined by a continuous spectrophotometric
assay based on oxidation of NADH coupled to ADP through
pyruvate kinase and lactate dehydrogenase (21). The level of
NADH was monitored by observing the decrease in absorbance
at 340 nm. The reactionwas performed in a cuvettemaintained at
25 �C and containing 10 nM of the same KSP wild-type enzyme
construct used for the end point assay, in the same buffer at pH 7.2,
in addition to 20 units/mL lactate dehydrogenase, 10 units/mL
pyruvate kinase, 2 mM phosphoenolpyruvate, 0.15 mM
NADH, and ATP concentration ranging from 7.5 to 270 μM.
Inhibition by compound 4a was assessed using 4, 8, 16, and
32 μM added from DMSO stock solution so the final DMSO
concentration in the reaction mixture remains constant at 2%.
Initial velocities under steady-state condition were determined in
duplicate using a Δε340 of 6.22 nM-1 cm-1, resulting in data
points with an average of 4% deviation from the mean. Non-
linear regression fitting to Michaelis-Menten equations for
competitive, noncompetitive, uncompetitive, and mixed inhibi-
tion was accomplished with GraphPad Prism (GraphPad Soft-
ware Inc.).
Alamar Blue Cell Proliferation Assay. A2780 cells were

plated at 1� 104/100 μLofmedia perwell in 96-well tissue culture
dishes in the following media: 10%FBS, DMEM, 1% penicillin/
streptomycin glutamine, 1% nonessential amino acids, 1%
sodium pyruvate, and 1% HEPES buffer. One column in the
platewas left without cells to act as negative control. Once plated,
the cells were placed in a 37 �C tissue culture incubator for 3-4 h
to allow cells to adhere. Compounds were added in a 10-point,
one-half log titration to all plates. Each titration series was
performed in triplicate, and a constant DMSO of 0.1% was
maintained throughout the assay. Control of 0.1% DMSO was
also included. Each compound dilution series was made inmedia
without serum.After the addition of the compound, the platewas
incubated at 37 �C for 42 h. Twenty microliters of Alamar Blue
staining reagentwas added to each sample and control well on the
titration plate, and the plate was returned to incubation at 37 �C.
Alamar Blue fluorescence was analyzed 6 h later utilizing the
SpectraMax reader using 530-560 nmwavelength excitation and
570-600 nm emission. A cytotoxic EC50 was derived by plotting
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compound concentration on the x-axis and fluoresence reading
for each titration point on the y-axis. The data were fitted to the
sigmoidal dose-response model using GraphPad Prism
(GraphPad Software Inc.) to calculate the cytotoxic EC50 at
95% confidence level.
Immunofluoresence Staining. HeLa-GFP cells were seeded

at 1� 104/100 μL of media per well of a 96-well plate in DMEM
medium with 10% FBS, 1% penicillin/streptomycin glutamine,
1% nonessential amino acids, 1% sodium pyruvate, and 1%
HEPES buffer leaving one columnwithout cells to act as negative
control. The plate is left at 37 �C in a tissue culture incubator for
3-4 h to allow cells to attach. An equal volume of media
containing either DMSO (control) or fixed concentration of 4a
is added to cells. After the addition of the compound, the plate is
incubated at 37 �C for 4 h. Immunofluoresence staining of R-
tubulin and chromatin in HeLa-GFP cells was used to examine
the cytology of cells with and without 4a. Monoastral spindles
were observed in 4a-treated cells. Immunostained samples were
imaged on an inverted microscope. Images shown are maximum
intensity projections of deconvoluted stacks.
Temperature-Dependent Circular Dichroism (TdCD).

The thermal denaturation studies were performed as previously
described with slight modifications (20). Briefly, ellipticity was
monitored at 230 nm as a function of temperature with a 1 mm
path-length cell. The thermal scan rate was 0.5 �C/min with a 4 s
response time and 30 s equilibration between measurements.
Stock protein was diluted to 8-10 μM with 20 mM PIPES, pH
6.9, 300 mMNaCl, 1 mMMgCl2, and 1 mMDTT. The binding
of benzimidazole series of compounds was tested in the presence
of 500 μMADP with and without 100 μM Ispinesib as indicated
in individual experiments. The final DMSO concentration was
2% for the TdCD experiments with Ispinesib and compounds
present. Data were analyzed using the Jasco software to calculate
protein melting temperatures (Tm) and the enthalpy of unfolding
ΔHu. The protein melting temperatures were reported from two
or three separate experiments.

The relationship between ligand binding and protein stability
as detected by changes in themidpoint of unfolding (Tm) has been
well documented (22, 23), and Kd values can be estimated from
the ΔTm determined by temperature-dependent circular dichro-
ism (TdCD) (24). Equation 1 (24) was used to calculateKd values
for Ispinesib and monastrol binding toWT and mutant forms of
KSP. The ligand binding constant (KL(T)) can be calculated at
any temperature (T) by the equation:

KLðTÞ ¼ KLðTmÞ exp -ΔHLðTÞ
R
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where Tm is the midpoint of unfolding in the presence of ligand,
ΔHL is the enthalpy of binding, ΔCpL is the ligand binding heat
capacity, and KL(Tm) is the ligand binding constant at Tm. If
estimates for both ΔHL and ΔCpL are available, then the ligand
binding constant, KL(T), can be calculated at any temperature
T (assuming that the heat capacity term is temperature in-
dependent). KL(Tm) can be calculated by the equation:

KLðTmÞ ¼ fexpf- ðΔHuðT0Þ=RÞð1=Tm - 1=T0Þ

þ ðΔCpu=RÞ½lnðTm=T0Þþ ðT0=TmÞ- 1�g- 1g=½LTm
� ð2Þ

whereT0 is the midpoint of unfolding for the unliganded protein,
Tm is the midpoint of unfolding in the presence of ligand, ΔHu is
the enthalpy of protein unfolding, ΔCpU is the heat capacity
associated with protein unfolding, and [LTm

] is the free concen-
tration of ligand at Tm. Unless otherwise specified, ΔHL values
were assumed to be -7 kcal/mol, where data were unavailable,
and ΔCpL was set to zero for TdCD-determined KL(T).

RESULTS AND DISCUSSION

Identification of 4a and 4b and Their Biochemical and
Biological Activity. In an effort to discoverKSP inhibitors with
novel mechanism of action, automated ligand identification
system (ALIS) technology was deployed to screen the KSP 3ADP
complex. ALIS is an affinity selection mass spectrometry plat-
form for label-free, high-throughput screening of mixture-based
combinatorial libraries. The KSP 3ADP complex screening cam-
paign involved incubation of the KSP 3ADP complex with mass-
encoded combinatorial libraries followed by automated micro-
scale size-exclusion chromatography. Compounds that bound to
theKSP 3ADP complex were dissociated from the enzyme during
subsequent reversed-phase HPLC, analyzed by mass spectro-
metry, and identified according to appropriate mass information
embedded in each library. Our high-throughput screening effort
resulted in identification of benzimidazole-based ligands with a
range of binding affinities. The preliminary biochemical activities
of some of these compounds including compounds 4a and 4b

(Figure 1a) have been evaluated previously (19).
Briefly, compounds 4a and 4b were found to reproducibly

inhibit microtubule-stimulatedKSPATPase activity with IC50 of
0.52 and 4.8 μM, respectively (Figure 1b). Compounds in this
series have also been tested against a panel of kinesins and, in
general, were very selective; for example, both 4a and 4b were
inactive (IC50 > 50 μM) against both Kif3B and nKHC, with
smaller selectivity ratios noted for HSET in an end point
biochemical assay (10� for 4a, 5� for 4b) (19). Both compounds
also exhibited activity as single agent in cell proliferation assay
(representative 4a results shown in Figure 1c and ref 19).
Compound 4a inhibited proliferation of the human ovarian
tumor cell line A2780 with an EC50 of 17 ( 3 μM after 7 days
of treatment (Figure 1c) in comparison to the more potent
Ispinesib control (EC50 = 0.56 ( 0.05 nM) assayed under the
same conditions. Both 4a and 4b were tested in a phenotypic
monoaster formation microscopy experiment, and monasters
were visually apparent at both 25 and 50 μM 4a (Figure 1d)
concentrations and at 50 and 100 μM 4b concentrations (data not
shown). In parallel to the activity optimization and SAR
generation (19), we sought additional mechanistic insights into
the inhibition profile as a way to differentiate our series from the
other reported KSP chemotypes.

KSP exhibits a basal ATPase activity in the absence of
microtubules although the kcat for this reaction is ∼250-fold
slower than in the presence of microtubules. In order to more
fully understand the properties of the newly identified benzimi-
dazole class of KSP inhibitors, compounds 4a and 4bwere tested
as inhibitors of the basal ATPase activity. As seen in Figure 1b,
while the compounds showed some inhibition of the activity at
the highest concentration tested, their potency was >2-19-fold
lower than that observed in the presence of microtubules. Upon
varying the ATP concentrations and microtubule concentrations
to saturating levels, we observed no significant (<5%) corre-
sponding change in the IC50 of compounds 4a and 4b, implying
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that the compounds do not directly bind to either the nucleotide
or the microtubule binding sites in KSP (Figure 1e). Since ADP
and MgCl2 were included in the ALIS screening setup, we
investigated whether the binding of the compounds was depen-
dent on the nucleotide. In the ALIS system, we observed the
recovery of KSP-bound 4a was contingent upon the presence of
nucleotide in the assay buffer (Figure 1f). To more fully under-
stand the nucleotide dependence on binding of 4a, we measured
steady-state inhibition kinetics for 4a at saturating microtubule
concentration.
Inhibition of Steady-State ATPase Activity in the Pre-

sence of Saturating Concentration of Microtubules. Inhibi-
tors of KSPATPase activity could be classified according to their
mode of inhibition with respect toATP as substrate. Compounds
that bind to the induced-fit loop L5 (monastrol/Ispinesib)
site (5, 25, 26) exhibit typical uncompetitive behavior in steady-
state kinetic studies and include diverse chemotypes that are not
necessarily related to the quinazolinone core of Ispinesib or to the
2-thiopyrimidine core of monastrol (27). Competitive inhibitors
have been shown bymutagenesis andmolecular modeling studies
to map either to the nucleotide binding site (e.g., the thiazole
series (28)) or to an allosteric site distant from the ATP site and
located in a cleft defined by helices R4 and R6 (e.g., biaryl
type (14)). Many other inhibitors containing, for example, the
thienoquinoline, triazine, triazolopyrimidune, and pyridine cores
have been reportedwithout definedmechanismof inhibition (27).
As shown in Figure 2, our 2-amino benzimidazole compound 4a

inhibited KSP ATPase activity uncompetitively as evidenced by
bothKm andVm varying in concert by a factor of (1þ [4a]/Ki) in
the presence of inhibitor. Compound 4a clearly exhibited a
preference for binding to the nucleotide-bound KSP (ESI com-
plex) in agreement with the ALIS experiments. The uncompeti-
tive behavior with respect to ATP excludes the possibility that
compound 4a binds at not only the nucleotide site but also the
allosteric site between helices R4 and R6 previously identified for
the biaryl inhibitors. The overall ALIS and enzyme inhibition
data support binding to either the induced-fit loop L5 (Ispinesib/
monastrol) site or a novel hitherto unknown KSP inhibitor site.
We sought confirmation for either alternative through further
binding studies based on circular dichroism and thermal dena-
turation of KSP in the presence of various combinations of
ligands, including Ispinesib.
Binding of 4a and 4b to KSP 3ADP and KSP 3ADP 3

IspinesibComplexesUsingTemperature-DependentCircular

Dichroism (TdCD). In TdCD, the loss of protein secondary
structure was monitored as a function of temperature. Proteins
bound with ligand become more resistant to thermal unfolding
compared to the unliganded protein because of the additional
stabilization interactions created between the ligand and the
protein. It is well documented that the increase in the midpoint
of unfolding (Tm) in the presence of a ligand is proportional to
the affinity of the ligand (23, 29). These studies have also
demonstrated that dissociation constants (Kd) can be estimated

FIGURE 2: Steady-state kinetics ofKSPATPase inhibitionby compound4a. (a) Plots ofATPase initial velocities versusATPconcentration and in
the presence of 0 (0), 4 (4), 8 (3), 16 (O), and 32 (]) μM compound 4a. Nonlinear regression fit using the Michaelis-Menten equation for zero
inhibitor concentration resulted inKm andVm of 33( 1.8 and 3.4( 0.06 μM/min, respectively. Variations in bothKm

0 andVm
0 were observed in

the presence of increasing concentrationof compound4a. (b) Plots ofKm
0 (0) andVm

0 (O) (inset) versus concentrationof compound 4a.Nonlinear
regression fit toKm

0 =Km/(1þ [4a]/Ki) andVm
0 =Vm/(1þ [4a]/Ki) resulted inKi of 12.7( 2.2 and 14.7( 1.6μM, respectively. The overall results

are consistent with uncompetitive inhibition with respect to ATP.

Table 1

aAssuming ΔHu = 100000 cal/mol and ΔHL = -7000 cal/mol.
Standard error values are from two to three experiments. Single agent
refers to binding of series 4 compound to the binary [KSP 3ADP] whereas
combination refers to the ternary [KSP 3ADP 3 Ispinesib] complexes. The
TdCD experiments were performed as described in Experimental Proce-
dures and in the legend of Figure 3.

http://pubs.acs.org/action/showImage?doi=10.1021/bi1005283&iName=master.img-001.png&w=312&h=122
http://pubs.acs.org/action/showImage?doi=10.1021/bi1005283&iName=master.img-002.png&w=239&h=317
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from ligand-induced changes in the Tm measured by methods
such as differential scanning calorimetry or TdCD. TdCD
recapitulated the ALIS results for the binding of the series 4

compounds to theKSP 3ADP complex. No significantTm shift in
the apo KSP melting was observed in the presence of the
compound, consistent with the preferential binding of 4a to the
KSP 3ADP complex (data not shown). Compounds tested in the
presence of saturating levels of ADP/Mg2þ demonstratedΔTm of
2-5.8 �C when tested using TdCD, using the equation (Table 1):

single agent ΔTmðcompdÞ ¼ TmðKSP 3ADP 3 compdÞ
-TmðKSP 3ADPÞ

In the presence of 100 μM 4a and 4b, the KSP 3ADP form
showed 4.3( 0.1 and 3.9( 0.1 �CΔTm (Figure 3a, Table 1). The
calculated TdCD Kds for 4a and 4b were 2 and 2.5 μM,
respectively. Compound 4e with SO2NH2 at the R1 position
had the largest ΔTm (5.8 ( 0.2 �C) among the series 4 panel of
compounds tested. The SARat the three variable “R” groupswas
relatively flexible; however, several trends were evident (Table 1).
For the R1 position heteroatom-containing groups proved to
be preferred, and a range of groups were found to be active.
However, groups larger than a few atoms, such as the benzyloxy
group, proved to be less capable of stabilizing the protein in both
of its forms. At the R2 position the electron-withdrawing

trifluoromethyl group (such as 4f, ΔTm = 4.9 ( 0.1, 2.5 (
0.1 �C) was preferred over the more electron-donating methoxy
group (4d, ΔTm = 3.1 ( 0.2, 1.3 ( 0.1 �C), and the trifluo-
romethoxy group with intermediate electronic properties was
also intermediate in its ability to stabilize the protein (4g, ΔTm =
3.6( 0.1, 1.4( 0.08 �C), both as a single agent and in combination.
TheR3position favored small hydrogen bond acceptors such as the
primary amide and carboxy-containing moieties.

The KSP inhibitor, Ispinesib, has been shown to be uncompe-
titive with ATP, and the thermodynamic basis of Ispinesib
binding has been recently investigated (20). A TdCD experiment
was designed to determine whether the series 4 compound-
induced Tm stabilization observed in the KSP 3ADP complex
(as single agents) can also observed in the KSP 3ADP 3 Ispinesib
complex. Ispinesibbinding toKSP 3ADPresulted ina large (∼12 �C)
Tm shift consistent with the expected single-digit nanomolar
affinity for the compound (Figure 3c). Incubation of the com-
pounds with the KSP 3ADP 3 Ispinesib complex resulted in addi-
tional stabilization of 0.8-2.6 �C (Figure 3b, Table 1). Addition
of Ispinesib to a preformed KSP 3ADP 3 4a complex resulted in
additional large (∼12 �C) Tm shifts consistent with the formation
of a KSP 3ADP 3 4a 3 Ispinesib complex (Figure 3d). The affinity
rank order for the series 4 compounds was largely conserved
between the Ispinesib-bound (KSP 3ADP 3 Ispinesib) and Ispine-
sib-unbound (KSP 3ADP) forms of KSP (Table 1). However, the

FIGURE 3: TdCDanalyses of 4a and 4bbinding toKSP 3ADPandKSP 3ADP 3 Ispinesib. (a) CD thermal denaturation curves forWTKSP 3ADP
(0); þ compound 4a (4); compound 4b (O). (b) CD thermal denaturation curves for WT KSP 3ADP 3 Ispinesib (0); þ compound 4a (4);
compound 4b (O). (c) CD thermal denaturation curves for WT KSP 3ADP (0); þ Ispinesib (4). (d) CD thermal denaturation curves for WT
KSP 3ADP 3 4a (0);þ Ispinesib (4). Ellipticity (mdeg) was measured at 230 nm as a function of temperature (22-75 �C). Protein concentrations
were 10-12 μM, ADP concentration was saturating at 0.25 mM, and the concentration of the inhibitors was 100 μM in 20 mM PIPES, pH 6.9,
300 mMNaCl, 1 mMMgCl2, 1 mMDTT, and 1%DMSO. The temperature was increased at 1 �C/min in a 1 mm path-length quartz cuvette.
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series 4-induced ΔTms in the KSP 3ADP 3 Ispinesib complex were
lower than the ΔTms observed in the absence of Ispinesib
(Table 1), implying lower TdCD affinity for the series 4 com-
pounds in the KSP 3ADP 3 Ispinesib complex compared to the
KSP 3ADP complex. Possibly the conformational change in-
duced by Ispinesib could negatively affect the affinity of the
KSP 3ADP 3 Ispinesib complex for compound 4a. However, it
could also be speculated that the differences in the 4a-induced
stabilization could be due to the inherent limitations of the TdCD
temperature-stabilization technique. The net change in stabiliza-
tion from the combination of Ispinesib with 4 series compounds
was calculated below. A summary of select single agent and
combination Tms is reported in Table 1.

combination ΔTmðcompdÞ ¼ TmðKSP 3ADP 3 Ispinesib 3 compdÞ
-TmðKSP 3ADP 3 IspinesibÞ

Binding of 4a to KSP 3ADP and KSP 3ADP 3 Ispinesib
Complexes As Determined by AS-MS. Preliminary quanti-

tative AS-MS experiments (data not shown) indicated that the
series 4 inhibitors also bound to the KSP 3ADP 3 Ispinesib com-
plex. Using known amounts of compound 4a to calibrate the AS-
MS system, we determined quantitatively its binding to either
KSP 3ADP or the ternary KSP 3ADP 3 Ispinesib complex. The
results illustrated in Figure 4 indicated that addition of a 6-
7-fold excess of Ispinesib over KSP failed to alter the binding
affinity of compound 4a for KSP 3ADP. The two dissociation
constants derived from Scatchard analyses were practically the
same within experimental error, 8.8 ( 1.8 μM for KSP 3ADP
versus 9.4 ( 1.3 μM for KSP 3ADP 3 Ispinesib. The results are
consistent with binding of compound 4a to KSP at a distinct
nonoverlapping site with respect to Ispinesib and support in part
the results from the TdCD experiments.
Binding of 4a to Ispinesib-ResistantMutants D130V and

A133D using TdCD. To further probe the mechanism of
binding of series 4 compounds, the TdCD studies were also
performed for the two Ispinesib-resistant mutants D130V and
A133D (14, 18). These mutant proteins can be used to probe the
binding site overlap between Ispinesib and series 4 compounds.
Residues A133 and D130 happen to be near the base of the L5
loop, which is known to undergo major conformational rearran-
gement upon inhibitor binding. Both residuesD130 andA133 are
engaged in extensive hydrogen bond network between each other
and the neighboring residues that form the induced-fit binding
pocket for Ispinesib andmonastrol. The hydrogen bond network
extending from D130 and A133 seems to hold the key to the
architecture required for binding of Ispinesib andmonastrol (20).
Both mutants have been shown to have >1000-fold lower
Ispinesib binding affinity (20).

In the presence of 100 μM compound 4a, the A133D 3ADP
complex showed a 4.6( 0.14 �C stabilizing shift in theTm relative
to the “apo” A133D 3ADP complex (Figure 5a). Consistent with
the A133D data, the TdCD experiments using the D130V 3ADP
complex showed increase in the ΔTm of 2.9 ( 0.1 �C, implying
that series 4 bind to both the Ispinesib-resistant mutant forms of
KSP (Figure 5b). The A133D 3ADP and D130V 3ADP TdCD
binding affinity for 4awas 1.5 and 5 μM, comparable to theirWT
KSP 3ADP counterpart (Figure 5; Table 2). Furthermore, the
double mutant of A133DþD130V, in the presence of ADP, was
also shown to retain the binding affinity for compound 4a

(TdCDKd= 2 μM,Table 2) comparable to theWTKSP protein
(Figure 5c). In contrast, Ispinesib and monastrol have been

FIGURE 4: AS-MS analyses of 4a binding to KSP 3ADP and
KSP 3ADP 3 Ispinesib. 4a was added at variable concentrations from
1 to 10 μMto 4 μMKSP in binding buffer containing 20mMPIPES,
pH6.8, 300mMNaCl, 1mMMgCl2, 1mMDTT,and0.25mMADP
in the absence (O) or in the presence of 40 μM Ispinesib (4). The
mixtures were incubated for 30 min at room temperature and then
injected into the AS-MS system as described in the Experimental
Procedures for determination of bound 4a (Lb) and free 4a (Lf). The
results were fitted to the Scatchard equationLb=-Kd(Lb/Lf), where
P is the total KSP concentration and n and Kd are the stoichiometry
of binding and dissociation constant, respectively. In the absence of
Ispinesib Kd = 8.8 ( 1.8 μM and nP = 2.9 ( 0.43 μM and in the
presence of Ispinesib Kd = 9.4 ( 1.3 μM and nP= 3.2 ( 0.34 μM.

FIGURE 5: TdCDanalyses of 4a and 4b binding to Ispinesib-resistant KSP, A133D,D130V, andA133DþD130V. (a) CD thermal denaturation
curves for A133D 3ADP (0); þ compound 4a (4). (b) CD thermal denaturation curves for D130V 3ADP 3 Ispinesib (0); þ compound 4a (4).
(c) CD thermal denaturation curves forD130VþA133D 3ADP 3 Ispinesib (0);þ compound 4a (4). Ellipticity (mdeg) wasmeasured at 230 nmas
a function of temperature (22-75 �C). Protein concentration was 10-12 μM, ADP concentration was saturating at 0.25 mM, and inhibitor
concentrationwas 100 μMin20mMPIPES, pH6.8, 300mMNaCl, 1mMDTT, and 1%DMSO.The temperaturewas increased at 1 �C/min in a
1 mm path-length quartz cuvette. The ΔTm values and the calculated TdCD Kd values are shown in Table 2.
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shown to bind D130V and A133D mutants with >1000-fold
lower affinity (20). Thus, the TdCD results demonstrated that
there is no significant difference (<2-fold) in the 4a binding
affinity of Ispinesib-resistant mutants compared to their WT
counterpart, implying an existence of a unique binding site for
benzimidazole series 4. The available data clearly indicate that
compound 4a, which inhibits ATPase uncompetitively, binds to a
novel site distinct from Ispinesib and hitherto unknown.
Cell-Based Potency of Ispinesib in the Presence of 4a.

Given the results of the AS-MS studies, the steady-state kinetics
of ATPase inhibition, and TdCD binding studies, we sought to
investigate the outcome of the combined effect of compound 4a

and Ispinesib in cell-proliferation assays (Figure 6). The EC50

value derived from the titration of Ispinesib alone in the ovarian
tumor cell line A2780was 0.55( 0.08 nM. In the presence of 1, 5,
and 10 μM compound 4a the potency of Ispinesib increased as
evidenced by the corresponding decrease in EC50 of 0.54( 0.06,
0.33 ( 0.03, and 0.21 ( 0.03 nM. Using the additivity rule for

drug combination (30, 31) the theoretical EC50 values could be
calculated as 0.52, 0.39, and 0.24 nM, respectively. They are in
close agreement with the experimentally derived values, indicat-
ing that in cell proliferation assays the combined effect of
Ispinesib and compound 4a is additive. Since resistance to
Ispinesib occurs quite readily (14, 18), the discovery of novel
chemotypes that bind at distinct sites on KSP and act additively
or synergistically remains imperative. Further characterization of
the series 4 binding site especially by X-ray crystallography is
critical for structure-based design to increase potency and
selectivity. Othermechanistic aspects such as effect on interaction
with microtubules and ADP cycling from the nucleotide binding
site are also of interest and will be the subject of future studies.

CONCLUSION

A series of 2-aminobenzimidazoles (4) was originally discov-
ered by affinity selection-mass spectroscopy using KSP in the
presence of ADP. The series was subsequently found to be active
in counter screen using end point ATPase and ovarian tumor cell
(A2780) proliferation inhibition assays. The antimitotic effect
reflecting in-cell KSP inhibition was also confirmed in immuno-
fluorescence studies of dividing Hela-GFP in the presence of two
representative compounds a and b from series 4.

Many inhibitors of KSP ATPase have been reported in the
literature, and several prototypes, e.g., Ispinesib, SB-743921,
AZ4877, and MK-0731, have reached phase I/II clinical trials.
The novel 2-aminobenzimidazole series 4 must be placed in the
context of the established agents in terms of specific binding site,
mechanism of inhibition, and ultimately clinical utility as selective
antimitotic for cancer therapy. To that effect we demonstrated
that these compounds inhibited ATPase activity uncompetitively
like the induced-fit L5 loop inhibitors originally exemplified by
Ispinesib and monastrol. Both AS-MS and TdCD data sup-
ported the uncompetitive mechanism, indicating preferential
binding of inhibitor to enzyme-substrate to form the ternary
enzyme-substrate-inhibitor (ESI) complex. Interestingly, how-
ever, binding studies by TdCD using wild-type KSP as well as
Ispinesib mutants (A133D, D130V, and A133D þ D130V)
further indicated that series 4 compounds and Ispinesib do not
share the same binding site at loop L5 and that both could
together bind [KSP 3ADP] to form the [KSP 3ADP 3 Ispinesib 3 4a]
quaternary complex as illustrated in Figure 7. The KSP binding
site for the series 4 compounds is thus novel and distinct from all
currently known inhibitor sites. It deserves further characteriza-
tion at the molecular level, especially by X-ray crystallography.
The measured IC50 difference for 4a between the basal ATPase
assay and the MT-stimulated ATPase assay implies that the
microtubules could modulate the binding affinity of the com-
pound to 4a. The precise effect of series 4 compounds on
microtubule interaction and ATPase activation remains to be
investigated, although based on our IC50 results at saturating
microtubule concentration, it is unlikely that the series 4 com-
pounds bind to the microtubule binding site in KSP.

Table 2

A133D 3ADP D130V 3ADP A133D þ D130V 3ADP

compd ΔTm (�C) TdCD Kd
a (μM) ΔTm (�C) TdCD Kd

a (μM) ΔTm (�C) TdCD Kd
a (μM)

4a 4.6( 0.14 1.5 2.9( 0.1 5 4.4( 0.2 2

aAssuming ΔHu = 100000 cal/mol and ΔHL = -7000 cal/mol. Standard error values are from two to three experiments.

FIGURE 6: Potency of Ispinesib in the presence of compound 4a.
Ispinesib was added at increasing concentration to A2780 cells un-
treated (0) or pretreated with three different concentrations,
1 (]), 5 (3), and 10 (4) μM, of compound 4a. Cells were preincubated
with the compound for 4 h before addition of Ispinesib. Cytotoxic
EC50 was determined by Alamar Blue staining and calculated as
mentioned in the Experimental Procedures. EC50 values for Ispinesib
alone and titrated in the presence of 1, 5, and10μMcompound 4awere
0.55( 0.08, 0.54( 0.06, 0.33( 0.03, and 0.21( 0.03 nM, respectively.

FIGURE 7: Equilibrium bindingmodel for KSP, ADP, Ispinesib, and
compound 4a. Based on the TdCDandAS-MS analyses, amodel for
thermodynamic equilibrium betweenKSP, ADP, Ispinesib, and 4a is
depicted. Both 4a and Ispinesib bind preferentially to the KSP 3ADP
bound form of the protein. 4a can also bind to the KSP 3ADP 3
Ispinesib bound form of KSP.
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Finally, in ovarian tumor cell-proliferation studies, we demon-
strated that the combination of series 4 compounds and Ispinesib
is additive. These 2-aminobenzimidazoles are novel additions to
the expanding family of KSP inhibitors. Further chemical
optimization could lead tomore potent and selective antimitotics
that are clinically useful as single agent or in combination with
other modalities to enhance cancer cell killing effect and to
overcome resistance. Affinity-based screening technology such as
AS-MS used in this study has the potential for wider application
to many other drug targets. It was found to be most effective for
discovery of allosteric inhibitors when potent active site masking
agents are included in the screening paradigm.
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