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Centromere-associated protein-E (CENP-E) is a kinetochore-associated
mitotic kinesin that is thought to function as the key receptor
responsible for mitotic checkpoint signal transduction after interac-
tion with spindle microtubules. We have identified GSK923295, an
allosteric inhibitor of CENP-E kinesin motor ATPase activity, and
mapped the inhibitor binding site to a region similar to that bound by
loop-5 inhibitors of the kinesin KSP/Eg5. Unlike these KSP inhibitors,
which block release of ADP and destabilize motor-microtubule
interaction, GSK923295 inhibited release of inorganic phosphate
and stabilized CENP-E motor domain interaction with microtubules.
Inhibition of CENP-E motor activity in cultured cells and tumor
xenografts caused failure of metaphase chromosome alignment
and induced mitotic arrest, indicating that tight binding of CENP-E
to microtubules is insufficient to satisfy the mitotic checkpoint.
Consistent with genetic studies in mice suggesting that decreased
CENP-E function can have a tumor-suppressive effect, inhibition of
CENP-E induced tumor cell apoptosis and tumor regression.
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entromere-associated protein-E (CENP-E; kinesin-7) is a

kinetochore-associated kinesin motor protein with an essential
and exclusive role in metaphase chromosome alignment and sat-
isfaction of the mitotic checkpoint (1). CENP-E is a likely candi-
date to integrate the mechanics of kinetochore-microtubule
interaction with the mitotic checkpoint signaling machinery
responsible for restraining cell-cycle progression into anaphase.
CENP-E is a large dimeric protein consisting of an N-terminal
kinesin motor domain tethered to a globular C-terminal domain
through an extended coiled-coil rod domain (2, 3). The C-terminal,
noncatalytic region of CENP-E is not only sufficient to specify
localization to kinetochores, but it also mediates interaction of
CENP-E with the serine/threonine kinase BubR1, a key effector
of mitotic checkpoint signaling that forms complexes with
the checkpoint proteins Cdc20, Bub3, and Mad2 to inhibit the
ubiquitin ligase activity of the anaphase promoting complex
APC/CEPC20 (4-7). The combined interaction of CENP-E with
microtubules and a key regulator of APC/CP<? has led to the
hypothesis that CENP-E functions as the key kinetochore micro-
tubule receptor responsible for silencing mitotic checkpoint signal
transduction after capture of spindle microtubules. This hypothesis
was further strengthened by the finding that CENP-E could stim-
ulate the kinase activity of BubR1 in a microtubule-sensitive
manner (8, 9). Invitro, the addition of CENP-E to BubR1 resulted
in a stimulation of BubR1 kinase activity. The addition of micro-
tubules suppressed this stimulatory activity, an effect thought to be
mediated by the CENP-E kinesin motor domain. Although the
importance of CENP-E interaction with BubR1 and the role of
BubR1-mediated phosphorylation in mitotic checkpoint function
remain unclear, CENP-E remains a prominent candidate to play a
key role in mitotic checkpoint signal transduction.

www.pnas.org/cgi/doi/10.1073/pnas.0915068107

Depletion of CENP-E from cultured human cells using anti-
sense oligonucleotides or RNAI causes prolonged cell-cycle delay
in mitosis that is characterized by an intact bipolar mitotic spindle
with several chromosomes clustered close to either spindle pole
(10, 11). Studies combining detailed light and electron micro-
scopy, inhibitors of KSP/Eg5 and Aurora kinase, and siRNA-
mediated depletion of CENP-E showed that loss of CENP-E
correlated with a failure of monooriented chromosomes to con-
gress to the spindle midzone (12). Microinjection of antibody
directed against CENP-E (13, 14) and expression of N-terminal
deletion mutants of CENP-E lacking 800 or more N-terminal
residues, including the motor domain (9, 13), produced a similar
failure of the minority of chromosomes to achieve metaphase
alignment. Collectively, these studies indicate that CENP-E plays
an important role in a cooperative process of chromosome con-
gression to the metaphase plate and in mitotic checkpoint sat-
isfaction in human cells. However, these studies do not specifically
address the role of CENP-E kinesin motor function in chromo-
some alignment or mitotic checkpoint signaling.

Our interest in identifying an inhibitor of CENP-E motor
function was stimulated not only by its essential and exclusive
mitotic roles but also by the observation that partial loss of CENP-
E function was associated with decreased tumor incidence in mice
(15). Mice heterozygous for CENP-E exhibited decreased inci-
dence of spontaneous liver tumors, decreased incidence of tumors
induced by the carcinogen 9,10-dimethyl-1,2-benzanthracene
(DMBA), and decreased incidence of tumors arising after
homozygous deletion of the tumor suppressor p19°RF. The anti-
tumor effect associated with reduced CENP-E function suggests
that inhibition of CENP-E kinesin function might be an effective
approach for the treatment of cancers.

We report here the identification and characterization of
GSK923295, a first-in-class, specific, allosteric inhibitor of CENP-
E kinesin motor function, and describe the effects of this unique
mode of CENP-E inhibition on chromosome alignment, mitotic
checkpoint satisfaction, and human tumor-cell viability in vitro
and in vivo.
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Results

Biochemical Mechanism of Action of GSK923295. We screened a
library of structurally diverse, small organic compounds for
inhibition of CENP-E microtubule-stimulated ATPase activity.
Medicinal chemistry optimization of initial inhibitors gave rise to a
series of high affinity, stereoselective, specific and drug-like
inhibitors of CENP-E with potent on-target activity against human
cancer cells, culminating in the identification of GSK923295 and
related compounds (Fig. 1 and Table S1) (16).

Using steady-state and presteady-state kinetic methodologies
and equilibrium binding, we defined the biochemical potency and
mechanism of GSK923295 inhibition of CENP-E motor domain
(Fig. 1, Table 1, Fig. S1, and Tables S1-S3). Analysis of the rates
of CENP-E ATP hydrolysis observed in the presence of varying
concentrations of inhibitor and substrates [ATP and microtubules
(MT)] indicated that GSK923295 is uncompetitive with both ATP
and MT, inhibiting CENP-E MT-stimulated ATPase activity with
a K; of 3.2 + 0.2 nM (Table 1, Tables S1 and S2, and Fig. S1).
Among a diverse group of seven kinesins tested, GSK923295 was
found to be highly selective for CENP-E (Fig. S2).

The greater potency of GSK923295 against microtubule-
stimulated ATPase compared with basal ATPase suggested that
GSK923295 exhibits a preference for CENP-E motor domain
bound to MT. Typical of kinesin motor domains, the nucleotide
state has a profound effect on the kinesin affinity for MT (17);
nucleotide-free and ATP-bound kinesins bind MT tightly,
whereas the ADP-bound forms bind MT much more weakly. We
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Fig. 1. GSK923295 inhibits microtubule (MT)-stimulated ATPase of CENP-E
and promotes formation of a MT-bound complex. (4) Chemical structure of
GSK923295. (B) Concentration-dependent inhibition of CENP-E motor domain
(1 nM) ATPase by GSK923295 in the presence (®) and absence (O) of 5 pM MT
indicates a preference of GSK923295 for CENP-E-MT complex. GSK923295
inhibited CENP-E MT-stimulated ATPase with a K; of 3.2 + 0.2 nM in a manner
uncompetitive with either MT or ATP (Table 1, Table S1, and Fig. S1). (C)
Equilibrium binding and cosedimentation of CENP-E motor domain (CE; 3 uM)
with MT (6 uM) in the presence or absence of the indicated nucleotides (1 mM)
or in the presence or absence of 20 pM GSK923925 reveals inhibitor-induced
loss of CENP-E motor domain from the supernatant and increase in the MT
pellet, irrespective of nucleotide state. (Table S2). (D) Presteady-state rates of
release of inorganic phosphate (Pi) from CENP-E motor domain in the pres-
ence (red) or absence (black) of GSK923295 as a function of ATP indicates that
GSK923295 inhibits the production or release of Pi. (E) Summary model of the
biochemical mechanism of action of GSK923295.
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Table 1. Sensitivity of human, murine, and canine CENP-E motor
domains to GSK923295 and reduction in sensitivity of human
CENP-E after mutation of 1182 and T183 to corresponding murine
residues

Species Mutation GSK923295 Ki (nM)
Human wt 32+0.2
Canine wt 1.6 + 0.1
Murine wt 67 +5
Human 1182L T183A 61+8
Human 1182L 14 £ 0.2
Human T183A 13 +0.2

K; values are + SD (n = 4). Sequence comparison of human, canine, and
murine CENP-E motor domains is shown in Fig. S4 and characterization of
mutant enzymes in Table S3.

examined the interaction of CENP-E motor domain with MT in
the presence and absence of GSK923295 under various nucleo-
tide conditions by copelleting of CENP-E motor domain with MT
(Fig. 1C). In the absence of GSK923295 and presence of adeno-
sine 5’-p,y-imido triphosphate (AMPPNP), a poorly hydrolyzable
ATP analog, or in the nucleotide-free state, CENP-E motor
domain bound tightly to MT. When bound to ADP, CENP-E
motor domain bound loosely to MT. In contrast, the addition of
GSK923295 resulted in quantitative recovery of CENP-E motor
domain with the MT pellet under all nucleotide states examined.
Using changes in turbidity of a solution of MT and CENP-E
motor domain to monitor binding (18), we determined that
GSK923295 reduced the rate of ATP-promoted dissociation of
CENP-E from MT (kog, m1) by more than 50-fold (Table S2). The
rate of ATP binding to CENP-E was not substantially changed.
These data indicate that GSK923295 stabilizes CENP-E kinesin
motor domain in a conformational state with dramatically
enhanced affinity for MT.

Inhibition of the rate of MT-stimulated ATPase by GSK923295
could be caused by a slowing of any of several discrete steps in the
CENP-E catalytic cycle. We measured the effects of GSK923295
on the presteady-state kinetics of release of Pi and ADP in the
presence of MT using fluorescent reporters as described (19). In
the absence of GSK923295, the rate of Pi release depended on
concentration of ATP, and a maximum rate of release was com-
parable with the maximum steady-state turnover rate, suggesting
that the rate-limiting step in the CENP-E catalytic cycle is release
of Pi (Fig. 1D and Table S2). In the presence of GSK923295, we
observed a dramatic slowing of the rate of Pi release from CENP-
E (Fig. 1D and Table S2). GSK923295 exerted no effect on the
rate of ATP binding to CENP-E but dramatically slowed MT-
stimulated release of ADP (Table S2). Collectively, our obser-
vations indicate that GSK923295 stabilizes the ADP.Pi-bound or
ATP-bound form of CENP-E, locking the motor domain in a state
strongly bound to MT (Fig. 1E). Among kinesin inhibitors
described to date, this mechanism is unique.

Mapping of Inhibitor Binding Site. Efforts to cocrystallize CENP-E
motor domain with GSK923295 and related inhibitors had proven
unsuccessful, perhaps because of the preference of the inhibitor
for MT-bound motor. To identify the region of CENP-E inter-
acting with GSK923295, we employed photo-affinity labeling
using a structurally similar inhibitor containing a photoreactive
benzophenone moiety, GSK-1 (Table S1). Unlike GSK923295,
GSK-1 exhibited an ATP competitive-like behavior (Table S1 and
Fig. S1). Such ATP-competitive behavior had been observed
during the optimization of this chemical series of CENP-E
inhibitors (16). Remarkably, chemical modifications as small as a
one carbon extension of a sidechain were sufficient to alter the
steady-state mechanism of inhibition from ATP-uncompetitive to
ATP-competitive behavior (16). Such minor changes seemed
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unlikely to have induced binding to a substantially different site on
CENP-E motor domain; this provides reassurance that despite
these differences in the steady-state mechanism of inhibition,
GSK-1 probably interacted with a site on CENP-E substantially
overlapping with the binding site of GSK923295.

Irradiation of CENP-E motor domain in the presence of GSK-1
and MT resulted in efficient labeling of CENP-E with GSK-1 (Fig.
S3). After identification of the labeled peptide using comparative
peptide mapping, we used targeted full-time electrospray ioniza-
tion-liquid chromotography-tandem mass spectrometry (ESI-LC-
MS/MS) to unambiguously localize the site of labeling to Met96
or Met97 (location shown in Fig. 2 and Fig. $4).

Comparison of the sensitivity to GSK923295 of human, murine,
and canine CENP-E motor domains revealed that canine CENP-
E was ~2-fold more sensitive than human, whereas murine
CENP-E was ~20-fold less sensitive (Table 1). Thirty residues in
murine CENP-E motor domain differ from both human and
canine CENP-E and thus, were potential contributors to
decreased sensitivity of murine CENP-E to GSK923295 (Fig. S4,
black- and red-shaded residues). Three of these residues (1le182,
Thr183, and Lys184) are estimated to be within 4 A from the site
of GSK-1 photo-labeling. We mutated each of these three resi-
dues individually and in all possible combinations to the corre-
sponding murine residue, and we measured the sensitivity of each
resulting enzyme to GSK923295. Among these mutations, the
combined change of Ile182 and Thrl83 to the corresponding
murine residues (Leul82 and Ala183) was sufficient to render the
sensitivity of human CENP-E comparable with that of murine
CENP-E (Table 1). All other single or double mutations shifted
sensitivity ~3-6-fold, and the triple mutant was comparably sen-
sitive to GSK923295 as the double mutant I182L/T183A. These
findings, together with GSK-1 photo-labeling results, identify the
probable binding site of GSK923295 on CENP-E as sandwiched
between helices o2 and o3 and adjacent to loop LS.

A proposed binding mode for GSK923295 to ATP-bound
CENP-E motor domain is shown in Fig. 2. Using a CENP-E
structure modeled using the available structures of ADP-bound
CENP-E (20), AMPPNP-bound KSP complexed with an inhibitor
closely related to the loop 5 inhibitor ispinesib, and ADP-bound
KAR3®%A (21) was searched for potential favorable binding
modes of GSK923295. In the model presented in Fig. 2, the
benzamide moiety of GSK923295 is buried in a pocket between
the central beta sheets of CENP-E, helix a3, and the base of loop
LS. The N, N-dimethyl glycine amide moiety projects toward the
nucleotide site, and the phenylimidazopyridinyl moiety binds
between the shallow loop LS pocket and helix o3, projecting

Solvent Front

100
oH Glu

o
” Nucleotide
Mg site

Fig.2. Proposed binding mode of GSK923295 to ATP-bound CENP-E motor
domain GSK923295 binding site lies between helices a2 and a3, adjacent to
L5 of CENP-E motor domain. GSK923295 is positioned in the center of the
left figure, shown predominantly in blue. Switch | and switch Il regions are
indicated by roman numerals | and Il. Loops L5, L9, and L11 are shown in
green. Residues on helix a3 subjected to mutational analysis (1182, T183,
K184) and the sites of photo-labeling with inhibitor GSK-1 (Met96 and
Met97) are shown in red (Fig. S4). A simplified scheme for this proposed
binding mode is shown in Right.
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toward the solvent front. Met96 and Met97, the residues photo-
labeled with GSK-1, are situated between helices a2 and o3 at the
base of loop L5 and ~10 A away from the nucleotide binding
pocket of CENP-E (Fig. 2). In this model, Ile182 forms a wall of a
hydrophobic pocket where the isopropoxy group binds, and
Thr183 may interact with polar functionality on the phenyl-
imidazopyridinyl moiety. Glu100 of loop L5 may also interact with
polar groups of the phenylimidazopyridinyl moiety, and the ben-
zamide carbonyl may form a hydrogen bond with Arg189 of loop
L9, a structural component involved in the y-phosphate-sensing
system of kinesin motors (22). Hydrolysis and release of
y-phosphate is associated with movement of loop L9 (23, 24),
suggesting that interaction of GSK923295 with Argl89 may play
an important role in inhibition of Pi release.

Cellular Response to Inhibition of CENP-E. GSK923295 and the
closely related inhibitor GSK-2 (Table S1) provided us with
uniquely precise tools to investigate the role of CENP-E kinesin
motor function in chromosome alignment, mitotic checkpoint
satisfaction, and longer term consequences of CENP-E inhibition.
Exposure of asynchronous cultured cells to GSK-2 or GSK923295
resulted in a penetrant cell-cycle delay in mitosis with a mor-
phological phenotype very similar to that observed after anti-
sense- or RNAi-mediated knockdown of CENP-E mRNA,; this
was characterized by a bipolar spindle with the majority of chro-
mosomes positioned at the spindle midzone and several chro-
mosomes clustered close to the spindle poles (Fig. 3 and Movie
S1) (10, 11). Flow cytometry and Western blot analysis of
HCC1954 breast carcinoma cells harvested at fixed times after
exposure to GSK-2 revealed accumulation of cells with 4n DNA
content and increases in two markers of mitosis, cyclin B, and
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Fig. 3. Inhibition of CENP-E motor domain ATPase causes failure to achieve
metaphase chromosome alignment, mitotic cell-cycle delay, and apoptosis.
(A) Flow cytometric analysis of DNA content in HCC1954 cell line (Glso = 27
nM) at indicated times of exposure to 325 nM GSK-2 (Table S1). (B) Western
blots of HCC1954 cells treated as in A are stained for mitotic markers cyclin B
and phospho-histone H3 (Ser10) and for cleavage of full-length PARP (top
band) to yield a PARP fragment (bottom band), a marker of apoptosis.
GAPDH is included as control. (C) SKOV3 cell (Glsg = 26 nM) treated with 50
nM GSK-2 for 24 h is stained for chromatin (blue) and MT (red). Similar
mitotic figures were apparent in all cell lines treated with GSK-2 or
GSK923295. (D) Quantitative analysis of timelapse images of HCC1954 breast
carcinoma cells stably expressing GFP-Histone H2B treated with 325 nM GSK-
2. The percentage of mitotic nuclei per image in the presence of GSK-2 (blue)
and the percentage of apoptotic nuclei per image in the presence (red) and
absence (black) of GSK-2 (Movie S1) is shown.
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phosphorylated histone H3 (Ser10) (Fig. 3 A and B). At longer
times of exposure to GSK-2, markers of mitosis decreased as the
proportion of cells with less than 2n DNA content and cleavage of
poly-(ADP-Ribose) polymerase (PARP) increased (Fig. 3 A and
B), indicative of apoptotic cell death.

Quantitative timelapse fluorescence microscopy of living
HCC1954 breast carcinoma cells provided a detailed view on the
kinetics of cell cycle and apoptotic response to inhibition of CENP-
E motor function (Fig. 3D and Movie S1). Images of cells
expressing GFP-histone-2B cultured in the presence or absence of
GSK-2were acquired every 15 min for 120 h (5 days) and subjected
to image-analysis algorithms to determine the percentage of
condensed, mitotic nuclei. Inclusion of propidium iodide (PI) in
the culture medium allowed for simultaneous monitoring of
plasma-membrane integrity; dying cells unable to exclude PI were
visualized and analyzed in a manner similar to GFP-histone-
labeled nuclei. Analysis of timelapse images revealed a maximal
proportion of mitotic cells with spindles similar to those show in
Fig. 3C after ~32 h of exposure to CENP-E inhibitor (Fig. 3D and
Movie S1). The proportion of PI-positive cells began to pro-
gressively increase from the time of maximal mitotic index until the
end of the experiment (Fig. 3D). Although we have not quantitated
the prevalence of individual cell fates, preliminary inspection
suggests a diversity of fates, most leading to eventual apoptosis,
which is consistent with previous reports detailing responses to
various MT-targeted drugs and inhibitors of the mitotic kinesin
KSP/Eg5 (25, 26).

These findings show a requirement for CENP-E kinesin motor
ATPase function to achieve metaphase and further suggest that
binding of CENP-E motor domain to MT is insufficient to satisfy
the mitotic checkpoint.

Anticancer Activity of GSK923295. To assess potential diversity in
response of different tumor types to CENP-E inhibition, we
assessed the growth inhibitory activity of GSK923295 across 237
tumor cell lines after 72 h of continuous exposure. The growth
inhibitory activity (GIs, value) spanned more than three orders of
magnitude, from 12 nM to greater than 10,000 nM, with an average
Gl50 of 253 nM and a median Gls, of 32 nM (Fig. 44 and Dataset
S1). Two hundred twelve of 237 cell lines tested exhibited Glsq
values less than 100 nM. Two cell lines, HT-3 and SNU-1, exhibited
Gl values of greater than 10,000 nM; we were unable to discern
any common characteristics among these most resistant lines.
Across all 237 lines, we observed no correlation between pro-
liferation rate and Gls value, suggesting that other, unidentified
factors dominate in determining growth inhibitory effect
of GSK923295.

To assess antitumor activity of GSK923295 in vivo, we adminis-
tered inhibitor to mice bearing xenografts of the Colo205 colon
tumor-cell line. GSK923295 produced clear increases in the abun-
dance of mitotic figures and scattered apoptotic bodies in tumors
that were identical in morphology to those observed in cultured cells
exposed to CENP-E inhibitor (Figs. 4B and Fig. S5). We used flow
cytometry of dispersed nuclei from Colo205 tumor xenografts to
quantify changes in cell-cycle distribution of tumor cells in vivo,
revealing a dose-dependent increase in the ratio of 4n to 2n nuclei
compared with tumors from vehicle-treated animals; this is indica-
tive of a GSK923295-induced increase in mitotic index (Fig. 4C).
Longer term studies measuring tumor volume as an endpoint
revealed robust, dose-dependent antitumor activity of GSK923295
against Colo205 xenografts, including partial and complete regres-
sions at the 125 mg/kg dose (Fig. 4D). Similar results were obtained
in a variety of tumor xenograft models, and tumor regressions
apparent in 8 of 11 xenografts were tested (Table S4).

Discussion

We describe here the identification of potent and specific inhib-
itors of the MT-stimulated ATPase of CENP-E, a mitotic kinesin
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Fig. 4. Antitumor activity of GSK923295. (A) GSK923295 is a potent
inhibitor of tumor cell growth in vitro (Dataset S1). Variation in Glso values
across 237 cell lines suggests intrinsic determinants of sensitivity. (B) Repre-
sentative photomicrograph of an H&E-stained section of Colo205 tumor
xenografts removed 24 h after a single injection of GSK923295 (125 mg/kg).
(Scale bar: 20 pm.) GSK923295 induced appearance of mitotic figures con-
sistent with CENP-E inhibition (arrow) and scattered apoptotic bodies
(arrowhead). See Fig. S5 for comparison of vehicle control and GSK923295.
(C) Dose-dependent increases in the ratio of 4n to 2n nuclei present in dis-
persed tumor tissue from Colo205 tumor xenografts 24 h after admin-
istration of the indicated doses GSK923925. (D) Dose-dependent antitumor
activity of GSK923295 administered as three daily doses on 2 consecutive
weeks (arrowheads) to mice bearing xenografts of the colon carcinoma cell
line Colo-205. Among five animals treated with 125 mg/kg GSK923295, four
experienced partial tumor regressions (PR), and one had a complete
regression (CR); 62.5 mg/kg produced tumor-growth delay and no regres-
sions. GSK923295 failed to produce detectable host toxicity at doses as high
as 500 mg/kg; the maximal tolerated dose (MTD) in mice is unknown.
Paclitaxel dosed at its MTD of 30 mg/kg produced regressions in four of five
mice treated (2CR and 2PR). Similar results were obtained in several other
tumor xenograft models (Table S4).

with a critical role in prometaphase chromosome movement and
satisfaction of the mitotic checkpoint. Using a combination of
photo cross-linking and mutagenesis, we have defined the inhib-
itor binding site on CENP-E. Our findings are consistent with
binding of GSK923295 and related inhibitors to CENP-E kinesin
motor domain between helices o2 and a3 and adjacent to loop L5,
aregion on CENP-E analogous to an inhibitor binding site on the
kinesin KSP/Eg5 (27, 28). Inhibitors of KSP binding adjacent to
loop L5 (e.g., monastrol and ispinesib) act by dramatically slowing
release of ADP, locking KSP in a state with reduced affinity for
MT (19, 27, 29). Despite binding in a location on the kinesin
motor domain similar to that bound by loop 5 KSP inhibitors,
GSK923295 exhibited a distinct mode of action, inhibiting release
of inorganic phosphate from CENP-E motor domain and locking
CENP-E in a state tightly bound to MT. GSK923295 induced tight
binding of CENP-E to microtubules irrespective of nucleotide
state, suggesting that inhibitor binding can cause the CENP-E
motor domain to assume a conformation similar to that of an
ATP-bound or nucleotide-free motor.

The specific mechanism by which GSK923295 prevents release of
Pi from CENP-E could include conformational stabilization of the
switch I and switch II regions and MT binding loops, thereby
obstructing release of Pi. The structural components involved in the
y—phosphate-sensing system (L9, L11, switch I, and switch II) are
evolutionarily conserved in the kinesin family of motors (22).
Crystal structures of the kinesin family member KIF1A complexed
with various transition-state nucleotide analogs revealed that rapid
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hydrolysis and release of y-phosphate is associated with movement
ofloop L9 in switch I (23,24). These conformational changes in loop
L9 of KIF1A were accompanied by conformational changes in MT
binding loops L11 and L12 in the switch II cluster, presumably
causing the motor to switch from high microtubule affinity to a low-
affinity binding state. The presence of these conserved structural
elements in CENP-E suggests that similar changes in switch I and
switch II regions are coupled with the upward movement of loops
L11 and L12 during Pi release. The binding of GSK923295 between
helices a2 and a3 and adjacent to loop L5 may stabilize switch I loop
L9 and switch II loop L11, thereby preventing the release of Pi and
forcing CENP-E to maintain a high-affinity MT binding state.

Molecular modeling of CENP-E motor domain with GSK923295
docked between helices a2 and o3 and adjacent to loop LS suggests
that the N, N-dimethyl glycine amide moiety projects toward the
region of CENP-E motor domain occupied by nucleotide and Mg?*.
The proximity of this region of GSK923295 to the nucleotide
binding pocket provides a possible explanation for the ATP-
competitive behavior of GSK-1 and other inhibitors of this chemical
series that share this distinct steady-state mechanism of action (16).

Although we have not excluded the possibility that GSK923295
and related compounds might affect the function of other unde-
termined mitotic proteins, the general correlation of biochemical
and cellular activity across this structurally related chemical ser-
ies, including stereoselective inhibition of both CENP-E ATPase
and cell growth, supports CENP-E as the biologically relevant
target (16). These observations, coupled with the selectivity of
GSK923295 for CENP-E among seven diverse kinesins tested, the
similarity of phenotype to that produced by knockdown of CENP-
E protein, and interaction with a structurally unique allosteric
binding site, support our conclusion that CENP-E is the target
responsible for GSK923295 antimitotic and antitumor activity.

The mode of inhibition of GSK923295 and GSK-2 enabled us to
show not only that CENP-E kinesin ATPase is required for meta-
phase chromosome alignment but also that constitutive tight binding
of CENP-E motor domain to MT is insufficient to satisfy the mitotic
checkpoint. Our findings clearly show a requirement for CENP-E
kinesin motor function in complete metaphase chromosome align-
ment and in satisfaction of the mitotic checkpoint in mammalian
cells. Interestingly, despite continuous inhibition of CENP-E, most
chromosomes seem to at least transiently achieve metaphase posi-
tioning. Although we have not identified the characteristics dis-
tinguishing those chromosomes that fail to achieve metaphase
alignment from those that reach the spindle midzone, our findings
are consistent with the proposed role for CENP-E in congression of
monooriented chromosomes from locations near the spindle poles
toward the spindle midzone along mature kinetochore fibers (12).

Similar defects in chromosome alignment have been observed
on spindles formed in vitro in Xenopus egg extracts supplemented
with full-length catalytically inactive CENP-E harboring a point
mutation in the kinesin motor domain that results in constitutive
tight binding to MT (3). In these Xenopus extracts, this mutant
CENP-E was found to be localized to regions near the spindle
poles. After exposure of mammalian cells to GSK-2, we observed a
similar accumulation of CENP-E at broad regions near the two
spindle poles. Our results indicate that although the process of
chromosome alignment on spindles assembled in Xenopus egg
extracts may differ from typical prometaphase congression in
cultured mammalian cells, CENP-E motor function is required in
both contexts.

CENP-E interaction with the BubR1 kinase has been hypothe-
sized to be the key linkage between kinetochore-microtubule
interaction and mitotic checkpoint signaling (8-10, 30, 31).
Although we have not investigated the effects of CENP-E inhibitor
on BubR1 kinase activity, our finding that GSK-2 and GSK923295
induce cell-cycle arrest in mitosis indicates that binding of CENP-E
motor domain to MT is insufficient to satisfy the mitotic checkpoint.
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We observed considerable variability in the antiproliferative and/
or proapoptotic effectiveness of GSK923295 across the 237 cell
lines tested in vitro and among the 11 tumor xenografts tested,
which suggests the existence of intrinsic determinants of sensitivity
that may prove useful in predicting tumor response to CENP-E
inhibitors. Characterization of the sensitivity of a diverse group of
malignant and nonmalignant breast-cancer cell lines to GSK923295
revealed that basal subtype breast-cancer cells were most sensitive,
whereas nonmalignant cells are very resistant to GSK923295 (32).
The details of cell cycle and apoptotic response that underlie these
differences in sensitivity to GSK923295 remain unclear. Our pre-
liminary findings are consistent with reported intra- and interline
heterogeneity in response to other mitotic inhibitors (25, 26).

GSK923295 is a unique tool used to further understand the
workings of the CENP-E kinesin motor domain at the atomic level, in
metaphase chromosome movement, in regulation of mitotic check-
point signal transduction, and in the viability of normal and malignant
cells, and it may prove useful in the treatment of patients with cancer.

Materials and Methods
CENP-E Inhibitors. CENP-E inhibitors were prepared as described (16).

Enzymology. Unless otherwise specified, all methods were as described (19).
Kinesin motor domains were expressed in Escherichia coli BL21(DE3) and puri-
fied as described (19, 33). CENP-E proteins included residues 2-340 with a car-
boxyl-terminal 6-his tag. Unless otherwise noted, all studies using MT were
conducted in PEM25 buffer [25 mM PipesK* (pH 6.8), 2 mM MgCl,, 1 mM EGTA]
supplemented with 10 uM paclitaxel. The 1Cso for steady-state inhibition was
determined at 500 pM ATP, 5 M MT, and 1 nM CENP-E in PEM25 buffer. K .pp
(apparent inhibitor dissociation constant) estimates of GSK923295 were
extracted from the concentration-response curves with explicit correction for
enzyme concentration as described (19).

CENP-E binding to MT was also assayed by an MT pelleting assay. CENP-E was
mixed with MT under defined nucleotide conditions, and MT were pelleted by
ultracentrifugation. The amount of CENP-E in supernatant and pellet fractions
was subsequently analyzed by SDS/PAGE.

Photoaffinity Labeling. CENP-E motor domain (5 pM) and paclitaxel-stabilized
MT (10 M) were incubated in PEM25 in the presence or absence of GSK-1 (Table
S1). Photolysis was carried out for 30 min under UV light (A = 305 nm); CENP-E
motor domain was purified by SDS/PAGE and subjected to digestion with tryp-
sin, LysC/AspN, and LysC/V8. Labeled peptide was identified by differential
mapping relative to unlabeled CENP-E using LC-MS and MALDI-TOF, and the
specific site of attachment was determined using LC-MS/MS sequencing.

Molecular Modeling. Using the homology model builder in Molecular Oper-
ating Environment (MOE 2004.03), the CENP-E.ATP structure was modeled
based on the available crystal structures of CENP-E.ADP (20) and the crystal
structure of KSP bound to AMPPNP in complex with an inhibitor closely related
to the loop 5 inhibitor ispinesib. Docking was carried out in this site with GOLD
v2.1 using the standard default settings and GoldScore fitness function to
search for binding modes of GSK923295 and related inhibitors (34).

Cell Culture and Growth Inhibition. Cell-growth inhibition assays were per-
formed by MDS in 384-well plates, and DNA content of fixed cells stained with
DAPI using an Incell 1000 (GE) was analyzed. DNA content was determined 24 h
after seeding (To) and after exposure to varying concentrations of drug for an
additional 72 h (T5,). All T;, measurements were normalized to Ty. Curves were
analyzed using the XLfit curve-fitting tool to determine the concentration of
GSK923295 yielding 50% growth inhibition relative to To and Y o values (Glsp).

Flow Cytometry. Cultured cells treated were fixed in 85% ice-cold ethanol,
stained with 10 pg/mL propidium iodide, and treated with RNase A. Tumors
excised from euthanized mice 24 h after treatment were dissociated in ice-
cold PBS using a 50 pM Medicon and Medimachine (BD Biosciences). DNA
content of stained nuclei was analyzed using either a FACScan or FACSCa-
libur flow cytometer (BD Biosciences). Cell-cycle analysis of flow cytometry
data from cultured cells was performed with FLOWJO (Treestar).

Fluorescence Imaging. Cells were fixed and stained with a-tubulin antibody and

with Hoechst stain and rhodamine-labeled donkey anti-rat antibody as described
(33). Cells were imaged on a Deltavision model D-OL Olympus microscope
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(Applied Precision) using a U-plan Apo 100x Oil, 1.35 NA objective in 0.2 uM steps,
which was deconvolved for 10 iterations and assembled into 2D projections.

The HCC1954 cell lines engineered to stably express a GFP fusion of Histone
2B were cultured in a 96-well plate in medium supplemented with Pl at 0.2 ug/
mL, and fluorescence images were acquired of GFP and PI channels every 15
min for 5 days. Image analysis was conducted with custom written software.
Nuclei were identified using adaptive edge-detection algorithms. Nuclei
displaying a rapid and substantial increase in GFP intensity accompanied by a
decrease in size were scored as entering mitosis; the reverse was scored as
exiting mitosis. Nuclei were classified as being Pl positive or negative using a
preset threshold applied after background subtraction.

Western Blot Analyses. Blots of cell lysates prepared in 50 mM Tris (pH 7.5), 150
mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, and 1%
complete protease inhibitor mixture were resolved stained with antibodies
recognizing cyclin-B and phospho-Histone H3(Ser10) (Upstate-Millipore),
PARP (BD Pharmingen), and GAPDH (Santa Cruz Biotechnology). Secondary
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antibodies were infra-red 680/800CW Licor; signal detection and analysis
were performed on a Licor-Odyssey imaging system.

Tumor Xenograft Studies and Histochemistry. Unless otherwise noted, methods
were as described (35). GSK923295 in 4% N,N-dimethylacetamide (DMA)/Cre-
maphore (50/50) at pH 5.6 was administered intraperitoneally in two cycles of
three daily injections separated by 1 week. Paclitaxel administered iv in three
doses of 30 mg/kg separated by 4 days (q4dx3) was used as a positive control.
Results are reported as median tumor volume; 5-um sections of formalin-fixed
tumors were prepared and stained with H&E using standard methods. All in vivo
procedures were carried out in accordance with protocols approved by the
GlaxoSmithKline Institutional Animal Care and Use Committee.
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