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ABSTRACT: Current antimitotic cancer chemotherapy based on vinca alkaloids and taxanes target tubulin, a
protein required not only for mitotic spindle formation but also for the overall structural integrity of
terminally differentiated cells. Among many innovations targeting specific mitotic events, inhibition of motor
enzymes including KSP (or Eg5) has been validated as a highly productive approach. Many reported KSP
inhibitors bind to an induced allosteric site near the site of ATP hydrolysis, and some have been tested in
clinical trials with varying degrees of success. This allosteric site was defined in detail by X-ray crystallography
of inhibitor complexes, yet complementary information on binding thermodynamics is still lacking. Using two
model ATP-uncompetitive inhibitors, monastrol and ispinesib, we report here the results of thermal
denaturation and isothermal titration calorimetric studies. These binding studies were conducted with the
wild-type KSP motor domain as well as two ispinesib mutants (D130V and A133D) identified to confer
resistance to ispinesib treatment. The thermodynamic parameters obtained were placed in the context of the
available structural information and corresponding models of the two ispinesib-resistant mutants.
The resulting overall information formed a strong basis for future structure-based design of inhibitors of

KSP and related motor enzymes.

Kinesin spindle protein (KSP or Eg5)' is a member of the
kinesin-5 family. They are motor ATPases primarily involved in
the morphogenesis of the bipolar spindle during mitosis (/).
Members of this 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 hetero-
tetramer 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 (MT) and use energy derived from ATP hydrolysis
to slide the two strands relative to each other (2—4).

KSP is uniquely expressed in dividing cells, and its motor
activity is known to be essential for the formation and main-
tenance of the bipolar spindle. Since its initial discovery in
1991 (5), KSP has become a key target for selective antimitotic
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cancer therapy, which offers improvement over older modalities
employing taxanes or vinca alkaloids that bind to tubulin, a
structural protein essential not only for mitosis but also for the
integrity of terminally differentiated cells (6). The rationale for
specific inhibition of KSP over other kinesins was solidified with
the discovery of monastrol (7). Monastrol, a cell-permeable KSP
inhibitor, was shown to be an antimitotic agent that caused
mitotic arrest with monopolar spindles (7). Further mechanistic
studies revealed that monastrol did not compete for ATP or
microtubule binding, suggesting the existence of an allosteric
inhibitor site in KSP (8, 9). The KSP- ADP-monastrol complex
crystal structure confirmed that monastrol was indeed an allos-
teric inhibitor that bound to an induced-fit pocket formed by
helices a2 and a3 and loop L5, located about 12 A away from the
nucleotide site (/0). In addition to monastrol, several inhibitors of
KSP ATPase activity that bind to the induced-fit pocket have
been described in the recent literature including ispinesib (11),
2,5-dihydro-1H-pyrrole-1-carboxamides (/2), 3,5-diaryl-4,5-di-
hydropyrazoles (13, 14), and S-trityl-L-cysteines (/5). Novel
chemotypes including biaryl (/6) and thiazole (/7) derivatives
have also been reported as ATP-competitive inhibitors, presum-
ably binding directly at the ATP site or an allosteric site in the
vicinity. Detailed structural information for these chemotypes
bound to KSP is still lacking.

Taking into consideration the high intracellular ATP concen-
tration, it is not surprising that most laboratories capitalize on the
design of novel compounds that bind to the induced-fit site.
Among all of the reported KSP induced-fit pocket inhibitors,
monastrol and ispinesib are the most well-studied. Steady-state
kinetic studies showed that monastrol noncompetitively inhibited
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microtubule binding but not ATP binding in inhibition of KSP
ATPase activity (18, 19). Further pre-steady-state MT associa-
tion kinetic studies in the presence and absence of monastrol
confirmed that monastrol altered the ability of KSP to associate
with MTs (19). Ispinesib is a quinazolinone inhibitor of KSP that
is currently being tested in multiple phase II clinical trials. The
steady-state and pre-steady-state kinetic studies on ispinesib
showed that the mechanism of ispinesib inhibition is mostly
identical to that of monastrol (20).

In contrast to the kinetic basis of KSP inhibition, our under-
standing of the thermodynamics of KSP inhibition is still
rudimentary. A full understanding of KSP inhibition requires
knowledge of structure as well as the thermodynamics of the
ligand binding. Because the nucleotide-bound and free forms of
KSP could adopt different conformations that could impact
inhibitor binding, such studies must be performed with both KSP
and KSP-nucleotide forms of the enzyme. Furthermore, since the
KSP enzymatic ATPase cycle consists of ADP- and ATP-bound
intermediates, the direct binding of the inhibitors to both
KSP-ATP and KSP-ADP forms of the protein should be
investigated for comparison. Here, we report a detailed study
describing the thermodynamic parameters for binding interac-
tions of KSP, nucleotides, and the two non-ATP-competitive
inhibitor complexes using temperature-dependent circular di-
chroism (TdCD) and isothermal titration calorimetry (ITC). In
the absence of microtubules, KSP has high affinity for both ADP
and ATPyS. Nucleotide binding is enthalpically favored and
Mg*"-dependent. Monastrol and ispinesib showed a strong
preference for the nucleotide-bound form of KSP by TdCD
and ITC. Interestingly, the inhibitors did not discriminate
between the ADP- and ATPyS-bound forms of KSP for binding
in the absence of microtubules. ITC studies showed that monas-
trol binding was enthalpically favorable and entropically neutral.
In contrast, ispinesib binding energy was due to favorable
enthalpic and entropic components. The TdCD and ITC studies
were also performed for the two ispinesib-resistant mutants
(D130V and A133D) (16, 21). Both mutants showed > 1000-
fold lower ispinesib binding affinity. More interestingly, the
mutants, although being catalytically competent, had higher
nucleotide TACD/ITC K4 and Kyatp compared to their WT
counterpart, implying some structural reorganization in the
nucleotide-binding region as a consequence of the mutations in
the neighboring induced-fit pocket. These results are placed in the
context of the available complex structures of these ligands in the
allosteric binding sites and corresponding models of the ispinesib
mutants. To our knowledge, this is the first report to address the
detailed thermodynamic aspects of nucleotide and inhibitor
binding to KSP using ITC and TdCD techniques.

EXPERIMENTAL PROCEDURES

Unless specifically described, all analyses were performed in
the absence of microtubules.

Materials. Ispinesib was synthesized at Schering-Plough
Research Institute. Its identity was confirmed by NMR and
LC-MS. Monastrol was obtained from Calbiochem (San Diego,
CA). These two KSP inhibitors were selected for study because
they represent two different chemotypes and are both uncompe-
titive with ATP. The crystal structures of KSP+ADP in a ternary
complex with monastrol or an ispinesib-like inhibitor have been
reported. The nucleotides (ATPyS and ADP) used in this study
were obtained from Sigma (St. Louis, MO). The purity of the
nucleotides was found to be >90% by LCMS.
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Expression and Purification of KSP Motor Domains,
Wild Type and D130V and A133D Mutants. The motor
domain of KSP (amino acids 15—368) was cloned into pET24a
for bacterial expression as the 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., S. Plainfield,
NJ). The proteins were expressed in Escherichia coli BL21(DE3)
(Novagen, San Diego, CA) cells for 4 h at 37 °C. The nucleotide-
free preparations for WT and mutant forms of KSP were done as
previously described (/8) with minor modifications. Briefly, the
bacterial pellet was lysed in 50 mM Tris, pH 8.0, 300 mM NacCl,
10 mM imidazole, and 1 mL/L protease inhibitor cocktail I1I
(EMD Biosciences, San Diego, CA). After microfluidizing, the
lysate was clarified by ultracentrifugation (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—250 mM
imidazole gradient and was further purified with an S75 gel-
filtration column (GE Healthcare, Piscataway, NJ). 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 GdnHCI using UV
spectrophotometry and an extinction coefficient at 280 nm of
21200 M~" em ™! based on the amino acid sequence.

Mass Spectrometry. The molecular weights of wild-type and
mutant KSP proteins were determined by ESI-ion-trap-MS
performed on an LTQ-XL mass spectrometer through Xcalibur
(Thermo-Fisher Scientific, Waltham, MA). Spectra were col-
lected in the positive ion mode with the capillary voltage set at
88V, the spray cone voltage at 5 kV, and the tube lens voltage at
140 V. The source temperature was set at 275 °C. The desolvation
gas flow rate was kept at 10 L/h. Deconvolution of m/z spectra, to
mass spectra, was performed with the Promass software program
(Thermo-Fisher Scientific, Waltham, MA). Chromatography
was performed with an ACCELA HPLC system (Thermo-Fisher
Scientific, Waltham, MA) that was interfaced to the ion-trap
mass spectrometer. Reversed-phase chromatography was per-
formed at a flow rate of 50 uL/min utilizing a C4 column, 5 um,
50 x 0.5 mm (Higgins Analytical, Mountain View, CA) and
gradient elution (0.1%—90% acetonitrile with 0.1% TFA).

ATPase Assay. KSP biochemical enzyme assays were per-
formed in 384-well plates. For the assay, microtubules were
stored at —80 °C and thawed at room temperature, ATP and
enzyme were stored at —20 °C and thawed on ice, buffer was
stored at 4 °C, and paclitaxel was stored at room temperature.
Compounds were diluted in 100% DMSO to their final concen-
trations. Ten microgram microtubules (Cytoskeleton, Denver,
CO) were reconstituted in 10 mL of tubulin buffer (80 mM
PIPES, pH 6.9, 1 mM EGTA, 1 mM MgCl,) plus 100 uL of
2 mM paclitaxel (Cytoskeleton, Denver, CO). Each reaction
consisted of KSP motor domain (amino acids 15—368): 10 nM
for WT and A133D and 25 nM for DI130V. The reaction
consisted of 20 uM paclitaxel (Cytoskeleton), 10 uM microtu-
bules, 100 uM ATP (Roche, Indianapolis, IN), and kinesin buffer
(20 mM ACES, pH 7.0, I mM EGTA, 1 mM MgCl,, 25 mM
KCI, 1 mM DTT). The 10 uM microtubule concentration was
measured to be > 50-fold above the K oy for all three proteins
(Table 1). For each reaction, 19 uL containing KSP motor
domain, paclitaxel, microtubules, and kinesin buffer was com-
bined with 1 uL of compound. The reaction was started by
the addition of 5 uL of ATP and was allowed to run for 1 h at
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Table 1: Kinetic Data for WT and Ispesinib-Resistant Mutant Forms of KSP*

enzyme KmATP (#M) kcat (Si]) kcat/Km (/"Mil Sil) Kl,r’ZMT (/"M) ICSOispinesib (/AM) ICSOmonastrol (IuM)
WT 38+3.1 14+0.15 0.36 £0.03 0.2£0.04 0.005 £ 0.0005 50£2
D130V 70+£2.5 7+£0.2 0.1040.02 0.1540.06 >3 >100
Al133D 55+£1.5 10£0.06 0.18 £0.01 0.2£0.03 1.4 £0.02 >100

“MT-stimulated ATPase activities of WT and mutant forms of the protein were analyzed as described in Experimental Procedures. The M—M kinetic
parameter values reported represent + the standard error for unweighted nonlinear least-squares regression analyses of the enzymatic data. The IC50 values

reported represent + the standard error from three independent experiments.

room temperature. The reaction was stopped by adding 50 uL of
Biomol Green (Biomol International, Plymouth Meeting, PA).
After an additional 30 min, absorbance at 620 nm was measured
using an Envision plate reader (Perkin-Elmer, Waltham, MA).
For kinetic analyses, the ODy,, values were plotted as a function
of time for each reaction to calculate the slope of the reaction.
The slope was converted to velocity, ¥, (nmol min~'), using a
standard curve that converted the ODg,( values to nanomoles of
phosphate. Estimations of K, Vimax, and ke, for KSP proteins
were derived by fitting the velocity data at different ATP
concentrations to the Michaelis—Menten (M—M) equation.
The experimental data for wild-type KSP and the mutants fit
the M—M equation with a goodness of fit R* of >0.97. For IC50
determinations, dose—response curves were plotted from inhibi-
tion data generated each in duplicate, from § point serial dilutions
of inhibitory compounds. Concentration of compound was
plotted against enzyme activity (OD reading). To generate
IC50 values, the dose—response curves were then fit to a standard
sigmoidal curve, and IC50 values were derived by nonlinear
regression analysis.

Circular Dichroism (CD) and Temperature-Dependent
Circular Dichroism (TdCD). The CD experiments were
performed on a Jasco J810 spectropolarimeter equipped with a
six-cell piezoelectric temperature controller (Jasco Inc., Easton,
MD). The far-UV CD spectra were recorded between 200 and
250 nm for all KSP proteins using a 1 nm slit width and 1 mm
path-length cell thermostated at 25 °C. The wavelength scan rate
was maintained at 50 nm/min. The cell contained 10—12 uM KSP
dissolved in 20 mM PIPES, pH 6.8, 300 mM NaCl, and | mM
DTT, thoroughly degassed prior to the experiment. All of the
proteins were dialyzed into the assay buffer prior to the experi-
ments, and the dialysate was subsequently used as blank for
subtraction from the respective protein spectra and the latter was
converted into mean molar ellipticity. The secondary structure
parameters of the WT and the mutants were estimated with the
Jasco secondary structure manager software using the reference
CD data set-Yang.jwr (22).

For the thermal denaturation studies, 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 uM with 20 mM PIPES, pH 6.8, 300 mM
NaCl, and 1 mM DTT. Nucleotides were tested at 0.5 mM
concentration, and the compounds (monastrol and ispinesib)
were tested at 50—75 uM in the presence or absence of 0.25—0.5
mM nucleotide concentrations as indicated in individual experi-
ments. The final DMSO concentration was 1% for the TdCD
experiments with compounds present. Data were analyzed using
the Jasco software to calculate protein melting temperatures (7},)
and the enthalpy of unfolding AH,. The protein melting tem-
peratures were reported as the average from two or three separate
experiments.

The relationship between ligand binding and protein stability
as detected by changes in the midpoint of unfolding (7},) has been
well documented (23, 24), and Ky values can be estimated from
the AT, determined by temperature-dependent circular dichro-
ism (TdCD) (25). Equation 1 (25) was used to calculate K4 values
for ispinesib and monastrol binding to WT and mutant forms of
KSP. The ligand binding constant (K7 (7)) can be calculated at
any temperature (7) by the equation:

i s (242

) o

where T, is the midpoint of unfolding in the presence of ligand,
AHy is the enthalpy of binding, AC, is the ligand binding heat
capacity, and K (T},) is the ligand binding constant at T,. If
estimates for both AHy and AC,, are available, then the ligand
binding constant, Kj (7), can be calculated at any temperature
T (assuming that the heat capacity term is temperature
independent). K; (T;,) can be calculated by the equation:

Ki(Tn) = {exp{—(AHu(T0)/R)(1/Tw = 1/T0)
+(ACu/R)In(Tw/To) + (To/ Tw) =1]} = 1}/[L7, ] (2)

where Ty is the midpoint of unfolding for the unliganded protein,
T}, 1s the midpoint of unfolding in the presence of ligand, AH, is
the enthalpy of protein unfolding, AC,, is the heat capacity
associated with protein unfolding, and [Ly ] is the free concen-
tration of ligand at T,,. Unless otherwise specified, AH; values
were used from the ITC experimental data or assumed to be
—7 kcal/mol, where data were unavailable, and AC, was set to
zero for TACD-determined K (7).

In nonideal systems, the loss of secondary structure in TdCD
as a function of temperature is due to both structural unfolding
and irreversible protein aggregation. Large proteins such as KSP
tend to exhibit aggregation at high temperatures at the high
protein concentrations required for TdCD experiments. As a
result, the observed unfolding profile is a reflection of structural
unfolding as well as aggregation. However, previous studies have
suggested aggregation to be a slower process compared to the
relatively faster native-to-unfolded reaction (26). Therefore, in
application to KSP unfolding, we assume the aggregation step is
much slower than the native-to-unfolded reaction.

Isothermal Titration Calorimetry. Purified proteins were
dialyzed extensively against 20 mM PIPES at pH 6.8, 300 mM
NaCl, and 2 mM BME. The protein was diluted to the appro-
priate concentration (either 10—30 uM) with dialysate buffer
immediately prior to the experiment. Protein concentrations were
measured in 6.7 M guanidine hydrochloride buffered with 20 mM
phosphate at pH 7.0 at 280 nM using an extinction coefficient
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of 21200 M~' em™". Nucleotide solutions of ADP and ATPyS
were prepared in the dialysis buffer immediately prior to each
titration. Nucleotide concentrations were measured using an
extinction coefficient of 15400 M~ ecm ™" at 260 nm for adeno-
sine. Compounds were prepared in 100% DMSO and added such
that the final solution contained less than or equal to 1% DMSO.
For these titrations, DMSO was added to the protein solution to
the same percentage. Monastrol was used at 200 4M concentra-
tion, and ispinesib was used at 250 uM in all experiments. Both
compounds were shown to be soluble at these concentrations
under the ITC solution conditions by nephelometry using a
Nepheloskan Ascent 100 nephelometer (Labsystems). For direct
nucleotide (ADP/ATPyS) binding experiments, 300 uM nucleo-
tide + 5 mM MgCl, was injected into 30 uM protein (WT or
mutants) + 5 mM MgCly; for direct monastrol/ispinesib binding
to the WT KSP-nucleotide complex, 200—250 uM compound
with 500 uM nucleotide (ADP/ATPyS) + 5 mM MgCl, was
injected into 10—20 uM KSP supplemented with 500 uM
nucleotide (ADP/ATPyS) + 5 mM MgCl,. The direct binding
of monastrol/ispinesib to mutant forms of the protein gave a poor
signal, which could not be increased because of compound
solubility limitations at higher concentrations. In the reverse
titration (protein in syringe), KSP performed aberrantly and
seemed to denature at low concentrations while stirring.

ITC experiments were performed with a Microcal 1TCygq
titration calorimeter (Microcal Inc., North Hampton, MA).
Protein and nucleotide solutions were centrifuged for
5—10 min at room temperature prior to loading the samples in
the ITC cell and syringe. All titrations were carried out at 20 °C
with a stirring speed of 350 rpm and a 180 s duration between
each 3 uL injection. Parallel experiments were performed by
injecting the nucleotide into the buffer or the buffer into the
protein to determine heats of dilution. The heats of dilution were
negligible in all cases and were subtracted from their respective
titrations prior to data analysis.

Thermodynamic parameters N (stoichiometry), K, (associ-
ation constant), and AH (enthalpy change) were obtained by
nonlinear least-squares fitting of experimental data using a
single-site-binding model of the Origin software package
(version 5.0) provided with the instrument. The free energy of
binding (AG) and entropy change (AS) were obtained using the
equations:

AG = ~RT In K, (3)

AG = AH — TAS 4)

The affinity of the nucleotide to protein and protein/inhibitor
complex is given as the dissociation constant (Ky = 1/K,). For
each protein-nucleotide-compound interaction, two or three
titrations were performed. Titration data were analyzed
independently, and the thermodynamic values obtained were
averaged.

Molecular Modeling. The crystal structure of KSP in
complex with ADP/Mg*" and N-(3-aminopropyl)-N~((3-ben-
zyl-5-chloro-4-oxo0-3,4-dihydropyrrolo[2,1-f][1,2,4]triazin-2-yl)-
(cyclopropyl)methyl)-4-methylbenzamide (PDB access code:
2¢ml) was utilized as the frame of reference (27). All water
molecules were deleted, and hydrogen atoms were added using
Maestro 7.0 (28). Hydrogen atoms were minimized with all
heavy atoms fixed (Macromodel (28) v9.0, MMFF9%4s force
field, GB/SA implicit solvation model, PRCG, convergence

Sheth et al.

threshold 0.05). After deleting the ligand, a Glide (29, 30) grid
was computed for the KSP-ADP/Mg*" ternary complex
(Impact v3.5) (28) with an inner box region (the ligand midpoint
remains within this box during docking) of 10 A and an outer
box region of 24 A. The grid midpoint was defined by the
centroid of one of the ligands in the data set. Ispinesib was
docked using the program Glide extra precision (XP, Impact
v4.0217) with default settings (Maestro v7.0).

RESULTS

Purification and Characterization of Wild-Type and
Ispinesib-Resistant Forms of KSP. The construct used for
our studies contained amino acids 15—368 of the KSP protein
corresponding to the core motor domain and a portion of the
neck linker. The construct, therefore, retained all of the structural
elements required for ATP hydrolysis. The expression of the
N-terminal hexahistidine-tagged version of the construct for WT,
D130V, and A133D in E. coli was accomplished as described
under Experimental Procedures. All three proteins were isolated
from the soluble fraction of the cell lysate and were purified to
>95% homogeneity as evaluated by SDS—PAGE (see Support-
ing Information, Figure S1) and densitometric scanning of the
relevant Coomassie Blue stained band. Purified WT, A133D, and
D130V KSP proteins had the expected masses and amino acid
sequences based on mass spectrometry and N-terminal sequen-
cing results (data not shown). Enzymatic characterization
showed that the three forms of KSP were capable of catalysis
(detailed enzymatic characterization below). All three proteins
were subjected to size-exclusion chromatography to determine
their oligomerization state. The three KSP forms eluted at a
volume corresponding to an apparent molecular mass consistent
with a monomeric form of the protein (Supporting Information,
Figure S2). No KSP protein was apparent in the fractions
corresponding to the void volume of the Superdex 75 26/60
gel-filtration column, confirming the homogeneity of the protein
preparation with no significant aggregation.

Steady-State Kinetic Analysis of Human KSP ATPase
Activity and Inhibition by Ispinesib and Monastrol. All KSP
constructs exhibited ATPase activities as detected by a phosphate
hydrolysis assay (BioMol Green). Under steady-state conditions
and in the presence of microtubules (MT), the K atp and k&, for
WT KSP was 38 + 3.1 uM and 14 £ 0.15 s, respectively,
resulting in a catalytic efficiency of key/Km = 0.36 £ 0.03 uM ™"
s~ ! (Table 1) consistent with previously reported values (11, 31).
Close analysis of the kinetic parameters revealed small but
significant differences in the Katp and ke, (p < 0.001) between
WT KSP and its mutant counterparts (A133D Katp = 55+ 1.5
UM, ke = 10 £ 0.06 s and D130V Kpyarp = 70 £ 2.5 uM,
kew = 7+ 025" (Table 1). D130V had lower catalytic effi-
ciency (kea/Km = 0.10 £ 0.02 uM ™" s™") compared to A133D
(keat/ Ky = 0.18 £ 0.01 uM_l s~ 1). The order of catalytic effi-
ciency among the three species is therefore WT > Al133D >
D130V. No significant difference in the Kyt values of three
KSP proteins was observed in the enzymatic assay (Table 1).

As expected, concentration—response studies of ispinesib
inhibition of KSP proteins revealed that it was a potent inhibitor
of the MT-stimulated ATPase activity (Table 1) of WT KSP with
IC50igpinesiv = 5 & 0.5nM, consistent with the previous report on
the discovery of the compound (/7). The inhibition by ispinesib in
the mutant forms of KSP was severely compromised with
IC50ispinesip values of >3 uM and 1.4 £ 0.02 uM for D130V
and A133D mutants, respectively (Table 1). Monastrol, which
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FiGURrE 1: Far-UV CD spectra of WT and mutant KSP. Circular
dichroism spectra for WT (O), A133D (O), and D130V (A) forms of
KSPin 20 mM PIPES, pH 7.5,300 mM NaCl, and | mM DTT buffer
at 20 °C. The protein concentrations were 10—12 M. Helical content
was determined using the secondary structure prediction software by
Jasco (inset). The % helical content is an average of three different
experimental scans analyzed separately for secondary structure
calculations.

binds in the same allosteric site as ispinesib, showed similar effect
on the ATPase activity of the KSP proteins as ispinesib.
Monastrol inhibited WT KSP protein ATPase activity in the
micromolar range (IC50,0nas00r Of 50 + 2 uM) while no
significant inhibition (IC500nastror > 100 M) could be demon-
strated for the D130V and A133D mutants (Table 1). These
results confirm and extend the previous report (16, 21) indicating
that these two mutations confer resistance to the inhibitory effect
of ispinesib. The order of resistance, D130V > A133D, follows
the same trend as the effect of ATPase catalytic efficiency.

Circular Dichroism Studies of WT KSP and Mutants.
The far-UV spectra for all three KSP species, WT and A133D
and D130V mutants, were collected to confirm the folding and
structural integrity of the three purified proteins (Figure 1). The
helical character of the proteins is apparent on the basis of the
double minimum at 222 and 209 nm, although the maximum at
193 nm could not be observed due to buffer interference and high
noise. Secondary structure prediction according to the method of
Yang et al. (22) resulted in a calculated helical content of 24 +
3%, 26 £+ 2%, and 22 4+ 2% for WT and D130V and A133D
mutants, respectively. The secondary structure of our WT KSP
enzyme is slightly lower (24 £ 3% versus 31%) than the crystal
structure of the KSP-ADP complex described in the current
literature (32). However, the differences between the WT and
mutant forms of the enzyme were not statistically significant.
Based on these results, the two point mutations, D130V and
A133D, did not cause significant changes in the overall secondary
structure of the KSP motor domain. The significant negative
ellipticity observed in the 225—230 nm range rendered a suitable
probe for monitoring the unfolding of the three KSP proteins
using TdCD.

TdCD of WT KSP: Effects of Nucleotides, Magnesium,
and Inhibitors. Using TdCD, we first investigated the binding of
nucleotides to the wild-type KSP form. In the absence of
microtubules, KSP showed a clear stabilizing shift in T, relative
to the apoprotein of approximately 2.4 + 0.14 °C ATy, in the
presence of 0.5 mM ATPyS, corresponding to a calculated (using
AH; from ITC data, Table 4) Ky of 3 uM (Figure 2, Table 2). The
ATy, for ADP, under identical experimental conditions, was
similar to ATPyS (Figure 2, Table 2). Although magnesium was
observed in the KSP-monastrol- ADP crystal structure (0), the
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FIGURE 2: TdCD analyses of nucleotide binding to WT KSP. CD
thermal denaturation curves for WT KSP (O), WT KSP + ADP (O),
and WT KSP + ATPyS (a). Ellipticity (mdeg) was measured at
230 nm as a function of temperature (22—75 °C). Protein concentra-
tions were 10—12 uM, ADP concentration was saturating at 0.5 mM,
and ATPyS concentration was 0.5 mM in 20 mM PIPES, pH 7.5,
300 mM NaCl, 5 mM MgCl,, and 1| mM DTT. The temperature was
increased at 1 °C/min in a 1 mm path-length quartz cuvette.

Table 2: TdCD Analyses of WT KSP¢

preloaded mix ATy, TdCD K"
(WT KSP + 5 mM MgCl,) Tm (°C) ) (uM)
+DMSO 40.7£0.07
+DMSO + 0.5 mM ATPyS 43.1+£0.07 24+0.14 3
+DMSO + 0.5 mM ADP 429+0.07 22+£0.14 0.7
+50 uM ispinesib 43.7+£0.04 3+£0.1 2.3
+75 uM monastrol 40.7+£0.07 <0.5 >30
preloaded mix AT, TdCD Ky’
(WT KSP, no MgCl) T (°O) O (uM)
+DMSO 40.7 £0.07
+DMSO + 0.5 mM ADP 40.2+0.14 -0.5+£0.2
+DMSO + 0.5 mM ADP 50.1+0.14 94+0.2 0.015

+ 50 uM ispinesib

“TdCD analyses were performed and analyzed as described in the
Experimental Procedures under conditions shown in the preloaded mix
column. bAssuming AH; for ADP = —40 kcal/mol, AH; for ATPyS =
—25 kcal/mol, and AH; for monastrol = —8 kcal/mol, AT,, = Ty,
(+ligand) — T3, (apo protein) using 50—75 uM compound or 0.5 mM
nucleotide. Standard error values are from two to three experiments.

relative contribution of Mg>" in the docking of the nucleotides to
KSP was unknown. To address this issue, we examined the effects
of Mg”" on the interaction of KSP with ADP using TdCD. No
detectable nucleotide binding (AT, < 0.5 °C) was observed in
the absence of Mg>" by TdCD (Table 2). The Mg*" dependence
was also seen for ATPyS binding (data not shown). Thus, Mg>"
is required for nucleotide binding to KSP and was, therefore,
included in the subsequent experiments. These nucleotide TdCD
binding studies indicate the following: (1) the relative affinities for
ATPyS and ADP for apo KSP were similar; (2) Mg*" is required
for binding of nucleotides.

In the presence of 50 uM ispinesib, the KSP-ADP complex
showed a large 12.5 £ 0.3 °C shift in AT}, corresponding to
single-digit nanomolar affinity (Figure 3, Table 3). Interestingly,
these results are consistent with the reported K; values for
ispinesib measured in the presence of microtubules (/7) and also
consistent with the IC50 value determined in Table 1. Additional
studies using the KSP-ATPyS complex instead of KSP-ADP
showed similar AT, in the presence of 50 uM ispinesib (data not
shown). The apo KSP form in buffer containing S mM MgCl,
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showed a 3 £ 0.1 °C AT),, (TdCD Ky at 20 °C ~2 uM) in the
presence of 50 uM ispinesib (Table 2). These TdCD results
demonstrated that the apo KSP protein, in the absence of
nucleotides, was capable of binding ispinesib, albeit at a sig-
nificantly lower affinity than the nucleotide-bound form of the
protein. Furthermore, these results showed that the ADP- and

CD mdeg

Temperature (°C)
D130V

CD mdeg

A133D

CD mdeg

Temperature (°C)

F1GURE 3: TdCD analyses of inhibitor binding to WT and mutant
KSP forms. CD thermal denaturation curves for WT KSP (upper
panel), D130V (middle panel), and A133D (lower panel) + ADP +
MgCl, (O), + ADP + MgCl, + monastrol (A), and + ADP + MgCl, +
ispinesib (O). Ellipticity (mdeg) was measured at 230 nm as a
function of temperature (20—70 °C). Protein concentrations were
10—12 uM, ADP concentration was saturating at 0.25 mM, and
inhibitor concentration was 50 4uM in 20 mM PIPES, pH 7.5, 300 mM
NaCl, I mM DTT, and 1% DMSO. The temperature was increased
at 1 °C/min in a 1 mm path-length quartz cuvette.

Sheth et al.

ATPyS-bound forms of KSP had similar affinity for ispinesib. In
the absence of Mg®" and at 0.5 mM ADP concentration, the
KSP-ADP form showed 9.4 £+ 0.2 °C AT, in the presence of
50 uM ispinesib (Table 2). The Mg*"-dependent difference in AT},
(~12.5 °C versus ~9.4 °C) for ispinesib binding to KSP-ADP
was assumed to be the result of inefficient nucleotide binding in
the absence of Mg®". TdCD results for monastrol binding to
KSP-ADP and KSP alone were consistent with the ispinesib data
(Figure 3, Tables 2 and 3). The KSP+ ADP complex showed AT},
of 1.1 £ 0.14 °C in the presence of 50 #uM monastrol correspond-
ing to 10 uM TdCD Ky at 20 °C. No significant AT, shifts were
seen for monastrol (Table 2), in the absence of nucleotide,
implying poor affinity, at a level below the sensitivity limit for
TdCD (AT, < 0.5°C).

TdCD of Ispinesib-Resistant Mutants D130V and
A133D: Nucleotide and Inhibitor Binding. A133D KSP
showed a weakly stabilizing shift in 7}, relative to the apo protein
of approximately 1 & 0.07 °C AT, in the presence of 0.5 mM
ATPySand 0.8 £ 0.07 °C AT}, in the presence of ADP (Table 5).
This result suggested that the A133D mutant form bound
nucleotides with lower affinity compared to its WT counterpart
(24 £ 0.14 °C versus 1 £ 0.07 °C AT, with 0.5 mM ATPyS;
Tables 2 and 5). Consistent with the A133D data, the TdCD
experiments using D130V KSP demonstrated a significantly
lower AT, (<0.5 °C) in the presence of 0.5 mM ATPyS
compared to WT KSP (Table 5). Thus, the TdCD analyses
demonstrated that there was a significant difference in the
nucleotide-binding affinity between WT and the D130V or
A133D mutant KSP forms.

In the presence of 50 M ispinesib, the A133D - ADP complex
showed a AT, of 3.9 £ 0.2 °C corresponding to 1 uM TdCD Ky
at 20 °C (Table 3). This TdCD result (K at 20 °C) suggested that
the A133D-ADP form bound ispinesib with ~1000-fold lower
affinity than WT-ADP. For D130V-ADP, the AT, for ispine-
sib, under similar experimental conditions, was 1.6 £ 0.09 °C
(TdCD Ky at 20 °C = 8 uM, Table 3), which is significantly
lower than the WT as well as A133D form of the pro-
tein. More specifically, the binding affinity of ispinesib for
D130V -ADP was 8000-fold and 8-fold lower compared to the
affinity for WT-ADP and A133D-ADP, respectively. No sig-
nificant AT, shifts were seen for D130V+-ADP and A133D-ADP
in the presence of monastrol, implying that the affinity for
monastrol was compromised and was below the limit of detection
for TdCD (AT, < 0.5 °C) and could not be assessed by this
method.

ITC of WT KSP: Binding of ADP, ATPyS, Ispinesib,
and Monastrol. On the basis of the TdCD results, isothermal
titration calorimetry (ITC) binding studies were performed to
obtain a more complete thermodynamic analysis of nucleotide
and inhibitor binding to KSP. Panels a and b of Figure 4 show

Table 3: TdCD Data for Binding of Ispinesib and Monastrol to WT, D130V, and A133D KSP

WT D130V A133D
preloaded mix (WT KSP + TdCD TdCD TdCD
0.25 mM ADP + 5 mM MgCl,) T (°C) ATy (°C) K4 (uM) T (°C) AT, (°C) Ky (uM) T (°C) AT, (°C) Ky (uM)
+DMSO 41.2+0.07 42.2+0.03 39.74+0.06
+50 uM ispinesib 537402 125403 0.001 43.8+£0.06 1.6 £0.09 8 43.6 £0.17 3.9+0.2 1
+50 uM monastrol 423+0.07 1.1+0.14 10 42.140.1 <0.5 >30 39.74£0.03  <0.5 >30

“Assuming AH, = 100000 cal/mol and AH; = —7000 cal/mol. Standard error values are from two to three experiments.
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FiGure 4: ITC analyses of nucleotide and inhibitor binding to WT KSP. Raw isothermal titration calorimetry data (upper panels) and
normalized ITC data for titrations plotted versus the molar ratio of titrant/protein (lower panels) demonstrating saturable exothermic evolution
of heat upon sequential additions of ATPyS (a) and ADP (b) to WT KSP in 20 mM PIPES, pH 7.5, 300 mM NaCl, | mM DTT, and 5mM MgCl,.
(c)and (d) represent the raw ITC data (upper panels) and normalized ITC data for titrations plotted versus the molar ratio of titrant/protein (lower
panels) for addition of ispinesib and monastrol, respectively, to WT KSP in 20 mM PIPES, pH 7.5, 300 mM NaCl, | mM DTT, 5 mM MgCl,, and
0.5 mM ATPyS. Data analysis using Origin 5.0 software indicates that the binding data fit well to a single binding-site model.

Table 4: ITC Data for Binding of Nucleotides and Inhibitors to WT KSP

preloaded mix ITC AH’ TAS
(WT KSP) ligand Ky (uM) (kcal/mol) (kcal/mol)

+5 mM MgCl, ATPyS  074£0.04 =25+£0.7 —17
+5 mM MgCl, ADP 0.6+0.05 —44+2 =35
+500 uM ADP, 5 mM MgCl,  monastrol 1.44+0.1 —-854+04 —=0.7
+500 uM ATPyS, S mM MgCl, monastrol 2 £ 0.1 -7.8+04 -0.2
+500 uM ADP, 5 mM MgCl, ispinesib  <0.01 —6.1£0.2 5.2
+500 uM ATPyS, S mM MgCl, ispinesib  <0.01 =72+0.1 5.1

“Determined at 293 K. Ky values were calculated from ITC-derived K.
Standard error values are from two to three experiments. The stoichiometry
of complex formation was 0.85 = 0.2. The low solubility of monastrol and
ispinesib prevented accurate calorimetric determination of their binding
thermodynamics in the absence of nucleotide.

representative calorimetric titration of KSP with ATPyS and
ADP, respectively. The exothermic evolution of heat upon
nucleotide injections shown in the upper panel illustrates satur-
able nucleotide binding by the protein. An analysis of the
enthalpy change versus molar ratio of ATPyS/protein (lower
panel) revealed an apparent K4 for ATPyS of 0.7 £ 0.04 uM for
KSP (Table 4). A similar experiment for ADP gave a Ky 0f 0.6 £+
0.05 uM. Consistent with the TdCD AT, results, WT KSP, in the
absence of microtubules, bound ATPyS and ADP with compar-
able affinities. The AG for binding ADP was approximately —9
kcal/mol compared to a slightly lower —8 kcal/mol for ATPyS. A
comparison of the AH and TAS shows that the binding interac-
tion between KSP and nucleotide is predominantly enthalpic in
nature. Interestingly, for WT KSP, the AH of binding for ADP
was significantly more negative than that for ATPyS. The ITC-
determined and TdCD-calculated Ky for nucleotide binding to
wild-type KSP were comparable when the ITC-measured AH|,
value was considered for TdCD Kj calculations. To determine if
heats of protonation/ionization contribute to the observed AH
of binding, the ITC experiment with ATPyS was repeated
using HEPES buffer instead of PIPES. No significant difference
in Ky, entropy, and enthalpy was observed (data not shown),
indicating that the apparent AH values are similar to the

intrinsic AH of binding and that the heat of protonation is not
significant.

Figure 4c depicts ITC titration data of the KSP-ATPyS
complex with ispinesib. The binding event is enthalpi-
cally (AH = —7.2 + 0.1 kcal/mol) and entropically (TAS =
5.1 kcal/mol) favorable and has an ITC Ky of <0.01 uM
(Table 4). Calorimetry of the KSP+-ADP complex with ispinesib
yielded similar affinity and relative enthalpic/entropic contribu-
tions (Table 4). The measured ITC and TdCD ITC Ky for
ispinesib binding to the KSP-ADP and KSP-ATPyS complex
were thus quite consistent with each other. The representative
titration of the KSP+- ATPyS complex with monastrol is shown in
Figure 4d. The Ky of monastrol for KSP-ATPyS was2 £ 0.1 uM.
The binding of monastrol to the KSP-ATPyS complex was
enthalpically driven (AH = —7.8 £ 0.4 kcal/mol) and entropi-
cally neutral (TAS = —0.2 kcal/mol). Similar results were
obtained with the KSP-ADP complex (Table 4). Notably, the
binding energy difference between monastrol and ispinesib is
entropically dominated. The poor solubility of inhibitors pre-
vented an accurate determination of their affinity to apo KSP
(in the absence of nucleotides) by ITC. In the reverse titration
(protein in syringe), KSP performed aberrantly and seemed to
denature at low concentrations while stirring.

ITC of KSP Mutants: Nucleotide Binding. Table 5 sum-
marizes the [TC-measured parameters for the binding of D130V
and A133D mutants to ADP and ATPyS. For A133D, the ADP
binding event is enthalpically favorable (AH = —27.5 £ 1.4 kcal/
mol) and entropically unfavorable (TAS = —19.7 kcal/mol) and
has an ITC K4 of 3 £ 0.2 uM (Table 5). Compared to ADP, the
ITC titration of A133D with ATPyS yielded ~3-fold lower AH
and consequently a 2-fold higher ITC Ky4. Thus, the A133D KSP
mutant apo form showed significant (p < 0.001) 5—10-fold
higher ITC Ky for nucleotide binding compared to its WT
counterpart (Tables 4 and 5). Consistent with the TdCD results,
D130V had the lowest affinity for nucleotides compared to WT
and A133D KSP forms (Table 5). The binding of inhibitors to the
mutants could not be assessed by ITC due to their limited
solubilities and weak affinity.



11052 Biochemistry, Vol. 48, No. 46, 2009

Modeling the Ispinesib Binding Mode. The structure of
the KSP-ADP-monastrol ternary complex offered the first
view of an induced-fit pocket allosteric to the active site (10).
The recently published crystal structure of a pyrrolotriazin-4-
one (BMS-24) analogue of ispinesib bound to KSP+-ADP (27)
provided a compelling opportunity for modeling the binding
interactions of ispinesib within the same binding site given the
similarity between these two compounds. The docked model of
ispinesib overlaid very closely atop BMS-24, with no signifi-
cant conformational deviations (Figure 5 and see Supporting
Information, Figure S3). Specifically, the quinazolinone oc-
cupies the hydrophobic groove flanked by L160, L214, G217,
A218, and F239 as well as the salt bridge between E116 and
R221. The carboxylate side chain of E116, as for BMS-24,
serves as hydrogen bond acceptor for the aminopropyl moiety
of ispinesib. The isopropyl substitution at the C-2 methyl of
ispinesib remains in the same orientation as the cognate
cyclopropyl of BMS-24, interacting with the side chain of
Y211. The toluyl moiety makes hydrophobic contacts with the
Cp atoms of D130V and A133. The conformations of the
remaining ispinesib substitutents were indistinguishable from
those of BMS-24, despite a lack of docking constraints.
Finally, the ispinesib C-7 chlorine group is located in a small
hydrophobic niche flanked by the aliphatic side chains of
L214, A218, and L260 and the alkyl portion of the R221 side
chain.

Table 5: TdCD and ITC Data for Binding of Nucleotides to A133D and
D130V Mutant Forms of KSP

AT," ITCKS  AH TAS
KSP complex ligand (°C) uM)  (kcal/mol) (kcal/mol)

AI133D + 5mM MgCl, ATPyS 14£0.07 7£0.7 —64+03 0.47
AI33D + 5mM MgCl, ADP 08007 3+02 -27.5+14 —19.7
D130V + 5 mM MgCl, ATPyS <0.5 —32£0.6
DI30V + 5mM MgCl, ADP  <0.5 6+£03 —102+1 -3

“Determined at 500 uM nucleotide concentration. “Determined at
293 K. Kg4 values were calculated from ITC-derived K,. Standard
error values are from two to three experiments. The stoichiometry of
complex formation was 0.9 + 0.2. The low AH of ATPyS for D130V
prevented accurate calorimetric determination of the binding Ky in
ITCz()().
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DISCUSSION

An induced-fit pocket formed by helices a2 and a3 and loop
LS has been identified as an allosteric site for inhibiting the
ATPase activity of the motor domain of the mitotic kinesin KSP
(Egd) (10). Although many potent and distinct chemotypes are
known, monastrol and the quinazolinone analogues represented
by ispinesib have been the most thoroughly characterized in both
the scientific and patent literature. More importantly, ispinesib
resistance mutations were recently observed and could be loca-
lized to D130V and A133D in the L5 loop (16, 21). The colon
carcinoma cell line HFT116 harboring these mutations was ca.
100-fold less susceptible to the antiproliferative effect of ispine-
sib (16). The effect of mutagenesis in the induced-fit pocket and
the binding modes of corresponding inhibitors determined by
X-ray crystallography, together with the thermodynamic data
presented here, provide a unique opportunity to map further that
site and guide future structure-based design activities.

Our enzyme kinetic studies of the purified forms of wild-type,
D130V, and A133D KSP indicated that the mutations resulted in
amodest decrease in the ATPase catalytic efficiency. The D130V
mutation had a more pronounced effect than A133D, ie., a
3-fold versus 2-fold decrease in catalytic efficiency (Table 1). In
contrast to the effect on catalytic efficiency, the effect on ispinesib
and monastrol inhibition of ATPase activities was much more
dramatic. For ispinesib, the increase in IC50 was between 2 and
3 orders of magnitude for the two mutants versus wild type.
Interestingly, the pattern of increase in IC50 from wild type to
mutants mirrors the effect on catalytic efficiency. Based on
enzymatic activity, D130V was more resistant than A133D to
ispinesib.

Using both thermal denaturation and calorimetric techniques
to assess ligand binding, we confirm the essential role of ATPyS/
Mg*" or ADP/Mg”" in forming the optimum K SP conformation
for binding inhibitors, in other words, the optimum conforma-
tion of the induced-fit binding pocket. The thermal stability of the
wild-type motor domain increased by 2—2.5 °C in the presence of
either 0.5 mM ATPyS or ADP and 5 mM MgCl,, which
translates into a submicromolar calculated Kqypoc by substituting
the measured AHy of 20—40 kcal/mol (Table 2). The binding
constant derived from ITC and thermal denaturation studies
(calculated based on measured AH) was markedly different from

5 O

éﬁ gp

BMS-24 Ispinesib
o Z Swm
. I
Monastrol

FIGURE 5: Mode of ispinesib binding to KSP. The left panel depicts the docked conformation of ispinesib (yellow carbon atoms) in complex with
KSP-ADP/Mg®". KSP side-chain atoms within 5 A of ispinesib are shown explicitly in stick representation. The right panel shows two-

dimensional depictions of BMS-24, ispinesib, and monastrol.
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the K}, value for ATP obtained from steady-state kinetic analysis
(K = 38 uM versus Kqppec = 0.7 uM (ATPyS)). The presence of
microtubule in the enzyme assay mixture seems to have a
significant effect on the affinity of ATP for the KSP motor
domain. Interestingly, the ITC measured K4 for ADP binding to
apo KSP is within 2-fold of the published K; values (1.5 uM) for
ADP in basal ATPase assay (33). In the same study, the authors
showed the K; value for ADP in MT-stimulated KSP ATPase
activity assay was 92 uM (compared to 1.5 uM in the absence of
MT), implying the presence of microtubules could indeed impact
the affinity of the nucleotides.

High-affinity binding of inhibitors, either monastrol or ispi-
nesib, is highly dependent on preincubation of the motor domain
with the nucleotide/Mg*" complex. For example, in the absence
of ADP, ispinesib binds at low affinity (TdCD Kyypoc = 3 uM),
and upon preincubation with both ADP and Mg*", its affinity
increases by 3000-fold (TdCD Kypo.c = 1 nM) (Table 3). A
similar effect was found for monastrol; in the absence of ADP, its
binding to KSP could not be demonstrated using TdCD within
the limit of detection (AT}, < 0.5 °C). However, in the presence
of ADP/Mg*", a calculated TdCD Kyagec of 10 uM for monas-
trol binding could clearly be distinguished. Our results are
consistent with the induced-fit binding site originally described
for monastrol (10). It is also clear that these inhibitors prefer the
nucleotide-bound forms of the enzyme. Nucleotide-mediated
improvement in inhibitor binding affinity could be explained
by nucleotide-induced ordering of the L5 loop via interaction
with E118 (Figure 5). Kinetic evidence provided by others
appears to indicate that the mechanism of inhibition consists of
slowing the rate of ADP release and decreasing the KSP
microtubule affinity (/7). All data also imply that ATP/Mg>"
or ADP/Mg”" induces a structural conformation distinct from
the apo form of KSP prior to inhibitor docking onto the induced-
fit binding site. An X-ray structure of apo KSP has yet to be
reported for comparison with the available structure of
KSP-ADP/Mg>" (32).

Isothermal titration calorimetric studies provide additional
information about the binding energetics of the nucleotide/Mg>*
complexes and inhibitors to both wild-type KSP and mutants.
Notably, the free energy of nucleotide binding was enthalpically
driven and entropically unfavorable (Table 4). This entropic
penalty is consistent with the conformational restrictions of the
nucleotide in the polar environment near the N-terminus of helix
a2 and the P-loop, which accommodates the - and 5-phosphates
of ADP. Two hydrogen bonds are observed between the ADP
2'0H and the carboxylate side chain of E118 and between O3 of
the a-phosphate and backbone amide of G110 (32).

The binding energetics of monastrol in the presence of ADP/
Mg*" was also essentially enthalpic (AH ~ —8 kcal/mol) with a
rather small entropic contribution. Although it is difficult to
pinpoint the exact structural basis of the negative enthalpy, the
hydrogen bonds observed between monastrol and KSP-ADP/
Mg®" (N-1-pyrimidine to backbone carbonyl of E116; phenolic
OH to backbone carbonyl of E118) could certainly play a
significant role. In addition, accommodation of monastrol into
the induced-fit pocket results in an inward relocation of the W127
side chain (loop L5) for face-to-edge interaction with the
monastrol phenolic moiety and outward flipping of R119 (of
helix a2) and Y211 (of helix a3) toward the bulk solvent. The net
effect dominated by enhanced solvation of the guanidinium and
phenolic OH of R119 and Y211, respectively, could further
contribute to the enthalpy observed in ITC.
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In contrast to monastrol, the high-affinity binding of ispinesib
was the consequence of both favorable enthalpy (AH ~ —7 kcal/
mol) and entropy (TAS ~ 5 kcal/mol). The result could be further
validated by inspecting the model of ispinesib bound to the
induced-fit pocket (Figure 5 and Supporting Information, Figure
S3). Ispinesib forms a single hydrogen bond with KSP-ADP/
Mg*" (aminopropyl to carboxylate side chain of E116) compared
to two hydrogen bond interactions for monastrol. All other
interactions are predominantly hydrophobic in nature, especially
in regard to accommodation of the pyrrole ring (L160, 1136,
L214, and F239) with the 6-chloro pointing directly toward F239
and 1136; N-3 benzyl (face-to-edge interaction with W127 and
flanking by P139); C-2-methyl-isopropyl (packing against the
aromatic side chain of Y211). The contribution of the face-to-
edge interaction between ispinesib N-3-benzyl and 4-methylben-
zamide to binding entropy remains to be determined since it
could still be a preexisting intrinsic conformation of the com-
pound in solution before docking into the induced-fit pocket.

The effect of D130V or A133D mutations on the binding
affinity of ispinesib and monastrol has its basis in the integrity of
the binding pocket accommodating the 4-methylbenzamide and
phenolic moieties, respectively. It happens to be near the base of
the LS loop, which is known to undergo major conformation
rearrangement upon inhibitor docking (10). Both residues, D130
and A133, are engaged in an extensive hydrogen bond network
between each other and with neighboring residues. More speci-
fically, the backbone amide nitrogen of A133 is hydrogen bonded
to the backbone carbonyl of D130, which is in turn hydrogen
bonded to the backbone amide nitrogen of L132. The backbone
amide nitrogen of D130, on the other hand, hydrogen bonds to
the carbonyl of T126, helping to maintain loop L5 in the inward
conformation essential for inhibitor binding. Finally, the carbox-
ylate side chain of D130 extends the network by reaching out to
neighboring S120 (side chain OH), R119 (guanidinium Ne), and
L132 (backbone NH). The hydrogen bond network extending
from D130 and A133 seems to hold the key to the architecture
required for high-affinity inhibitor binding. By association,
neighboring residues in hydrogen bond interactions with D130
and A133 are most likely sensitive sites for resistance mutations.

Interestingly, the enzymatic data showed differences in the
Knatp for WT and ispinesib-resistant mutants (Table 1). Direct
binding experiments using TdCD and ITC corroborated the
enzymatic assay results (Tables 4 and 5). While the wild-
type enzyme bound nucleotides with submicromolar affinity,
the mutant counterparts showed 6—10-fold higher ITC K, for the
nucleotides. The differences in the ITC Ky appeared to be the
direct consequence of a lower enthalpy of nucleotide binding in
the mutants compared to the WT KSP. Notably, the nucleotide
binding affinity for KSP proteins had the rank order WT >
Al133D > DI30V consistent with the measured enzymatic
Ko atp- These data indicate potential allosteric structural rear-
rangement in the nucleotide binding site as a consequence of
mutations in the neighboring induced-fit binding pocket.

CONCLUSION

Site-directed mutagenesis has always been a tool of choice for
probing the architecture of enzyme inhibitor binding sites,
especially for enzyme targets that are of high therapeutic value.
When used in conjunction with biophysical tools such as thermal
denaturation, isothermal calorimetry, and available X-ray crystal
structures, the quality of mapping of the binding is much
enhanced. Our studies of the KSP motor domain, together with
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two allosteric inhibitors, monastrol and ispinesib, and two
resistance mutants provide a detailed view of a well-established
induced-fit inhibitor binding site, both in thermodynamic and in
structural terms. The studies point to a subdomain within the
pocket that could be highly sensitive to resistance mutations.
Furthermore, the results serve as future guidance for design of
better inhibitors as candidates for selective antimitotic anticancer
drug development.
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SUPPORTING INFORMATION AVAILABLE

The kinetic and thermodynamic parameters measured for the
KSP proteins (Table S1), purity and solution behavior of the
three purified KSP proteins used for kinetic and thermodynamic
characterization (Figures S1 and S2), and stereo illustration of
the docked conformation of ispinesib in complex with
KSP-ADP/Mg”" (Figure S3). This material is available free of
charge via the Internet at http://pubs.acs.org.
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