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Abstract
Kinesin-5 proteins are essential for formation of a bipolar mitotic spindle in most, and perhaps all,
eukaryotic cells. Several Kinesin-5 proteins, notably the human version, HsEg5, are targets of a
constantly expanding group of small-molecule inhibitors, which hold promise both as tools to
probe mechanochemical transduction and as anti-cancer agents. Although most such compounds
are selective for HsEg5 and closely related Kinesin-5 proteins, some, such as NSC 622124, exhibit
activity against at least one kinesin from outside the Kinesin-5 family. Here we show NSC
622124, despite identification in a screen that yielded inhibitors now known to target the HsEg5
monastrol-binding site, does not compete with 14C-monastrol for binding to HsEg5, and is able to
inhibit the basal and microtubule-stimulated ATPase activity of the monastrol-insensitive
Kinesin-5, KLP61F. NSC 622124 competes with microtubules, but not ATP, for interaction with
HsEg5, and disrupts the microtubule binding of HsEg5, KLP61F and Kinesin-1. Proteolytic
degradation of an HsEg5•NSC622124 complex revealed that segments of the α3 and α5 helices
map to the inhibitor-binding site. Overall, our results demonstrate that NSC 622124 targets the
conserved microtubule-binding site of kinesin proteins. Further, unlike compounds previously
reported to target the kinesin microtubule-binding site, NSC 622124 does not produce any
enhancement of basal ATPase activity, and thus acts solely as a negative regulator through
interaction with a site traditionally viewed as a binding region for positive regulators (i.e.,
microtubules). Our work emphasizes the concept that microtubule-dependent motor proteins may
be controlled at multiple sites by both positive and negative effectors.

Kinesin-5 motor proteins act to separate the spindle poles during formation of the bipolar
mitotic spindle [reviewed in (1, 2)]. Representatives of this family have been identified
throughout eukaryotes and may be ubiquitous. Certain Kinesin-5 family members, e.g., the
human Eg5 protein (HsEg5), represent targets of an ever-expanding collection of chemically
diverse, small-molecule inhibitors (3–10). The mechanism of HsEg5 inhibition, as well as
the search for more potent inhibitors, is of particular interest since HsEg5 inactivation leads
to cell cycle arrest, and thus inhibitors of this motor have potential as anti-cancer drugs (9,
11, 12).

Monastrol, the first recognized HsEg5 inhibitor, was so named because treatment of cultured
vertebrate cells and cell extracts led to failure of spindle pole separation and subsequent
formation of a monoastral spindle. Recent characterization of the monastrol:protein
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interaction, mostly with HsEg5, has demonstrated that monastrol binding allosterically
inhibits the motor’s basal and microtubule (MT)-stimulated ATPase activities, and
consequently productive mechanochemical transduction (3, 13–19). The monastrol-binding
site is 12 Å from the nucleotide-binding site and is formed by elements of helix α2, insertion
loop L5, and helix α3 (20). Recent characterization of other HsEg5 inhibitors suggests the
L5 loop and structurally adjacent regions represent a “hot spot” that serves as a common
binding site and thus modulates allosteric inhibition for many different compounds (5, 7, 10,
21, 22).

The vast majority of HsEg5 inhibitors, including monastrol, are highly specific for
Kinesin-5 proteins from higher eukaryotes, and have little or no effect on many non-
vertebrate Kinesin-5 motors or members of the other thirteen kinesin families. However, one
recently identified inhibitor, the polyoxometalate NSC 622124 (K6Mo18O62P2), has been
reported to inhibit Ncd (4), a member of the Kinesin-14 family. Since Ncd does not contain
a well-defined monastrol-binding pocket (23), NSC 622124 may instead target a conserved
site present in both HsEg5 and Ncd. The present study investigates the interactions between
NSC 622124 and kinesin proteins in order to clarify this compound’s mechanism of action.

Materials and Methods
Reagents

14C-monastrol (specific activity: 50 mCi/mmol) was synthesized from ethyl acetoacetate, 3-
hydroxybenzaldehyde and 14C-thiourea by the procedure of Kappe et al. (24). This high-
yield condensation reaction of ethyl acetoacetate, 3-hydroxybenzaldehyde and 14C-thiourea
(American Radiolabeled Chemicals, Inc.) resulted in radiolabeled monastrol in racemic
form. HPLC analysis and UV-vis spectroscopy were employed to isolate a single chemical
entity in high yield and to confirm the identity of the compound, respectively. NSC 59349,
NSC 169676, and NSC 622124 were obtained from the Drug Synthesis and Chemistry
Branch, Developmental Therapeutics Program, Division of Cancer Treatment and
Diagnosis, National Cancer Institute. S-trityl-L-cysteine (STLC) and flexeril were obtained
from Sigma-Aldrich. Inhibitors were prepared in DMSO as 50 mM solutions, with the
exceptions of monastrol (100 mM in DMSO), 14C-monastrol (10 mM in DMSO), and
flexeril (50 mM in H2O).

Protein Expression and Purification
The HsEg5 motor domain, composed of HsEg5 residues 1-370 and a C-terminal 6-His tag,
was expressed as previously described (23). A cDNA encoding residues 1-367 of D.
melanogaster KLP61F was amplified from clone LD15641 (Berkeley Drosophila Genome
Project) by PCR using Pfu polymerase (Stratagene), a forward primer containing an NdeI
site, and a reverse primer containing an XhoI site. The product was digested with NdeI and
XhoI and inserted into pET-21a (Novagen) digested with the same restriction enzymes. Both
strands of the insert were sequenced to confirm that no mutations occurred during
amplification. Plasmids were transformed into BL21 Codon-plus (DE3)-RIL cells
(Stratagene) for protein expression.

Overnight cultures of cells containing HsEg5 or KLP61F plasmids were diluted 1:100 into
LB media supplemented with 100 µg/ml ampicillin and grown at 37°C for 2.5 hours. Protein
expression was induced with 0.2 mM IPTG, and after 4 hours at room temperature, cells
were pelleted, washed once with 25 mM PIPES pH 6.9, 0.25 mM MgSO4, 0.5 mM EGTA,
and frozen at −80°C until use. Frozen cells were thawed in 50 mM HEPES (pH 7.5), 75 mM
NaCl, 1 mM PMSF, 0.1 mM MgATP, 40 µg/mL DNAse, 0.3 mg/ml lysozyme, 10 mM
MgCl2, and 1 mM DTT, and passed through a French Press three times to ensure adequate
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lysis. Cell lysates were then centrifuged at 13,500 × g for 30 minutes at 4°C, and the
resulting supernatant was passed over a 5 ml S-Sepharose resin. After a wash with 50 mM
HEPES (pH 7.5), 0.1 mM MgATP, and 1 mM DTT, the protein was eluted with 50 mM
HEPES (pH 7.5), 0.2 mM MgATP, 1 mM DTT and 250 mM NaCl. The protein-containing
eluate was immediately mixed with an equal volume of 50 mM HEPES (pH 7.5),
supplemented with glycerol (to 10%), frozen on dry ice, and stored at −80°C until use.
Protein concentration was measured by Bradford assay (Biorad) with BSA as the standard.

Full length D. melanogaster Kinesin-1 was expressed and bacterial cells were lysed and
centrifuged as described for HsEg5 and KLP61F. The supernatant was then centrifuged at
100,000×g for 15 min at 4°C (25), and the resulting high speed supernatant was used
directly in MT motility experiments.

14C-Monastrol Binding and Competition Experiments
Size exclusion spin columns were prepared with fine grade G25 Sephadex and Micro Bio-
Spin Chromatography columns (Biorad). Sephadex was prepared per manufacturer’s
instructions, exchanged into 20 mM HEPES, pH 7.2, 1 mM EDTA, and 1 mM MgCl2, and
added to each column to generate a packed resin bed of 0.7 ml. Just prior to use, columns
were centrifuged (1500 × g, 4 min) to remove excess liquid. To evaluate binding of 14C-
monastrol to motor, 130 µl reactions containing 1 mg/ml (~24 µM) motor protein and 14C-
monastrol (0.9 mM unless otherwise indicated) were prepared in HEM buffer, incubated at
room temperature for 10 min, then 50 µl was applied to each of two spin columns. Columns
were immediately centrifuged (1500 × g, 4 min) to separate protein with bound 14C-
monastrol from unbound 14C-monastrol. Samples of the initial reaction as well as the spin
column “flow-through” were analyzed by Bradford assay and liquid scintillation counting to
quantify protein and 14C-monastrol, respectively. Unless otherwise indicated, binding
reactions contained 29–55 mM NaCl and 24–45 µM MgATP carried over from the protein
stock solution. To correct for 14C-monastrol that passed through the column in the absence
of protein, duplicate reactions were prepared without motor and processed identically.
Typically, < 0.24% of 14C-monastrol added to a given reaction passed through the spin
column in the absence of motor protein. For competition experiments, motor was incubated
with 0.5 mM inhibitor for 20 min at room temperature prior to addition of 0.9 mM 14C-
monastrol, then subjected to size exclusion spin chromatography after another 10 min at
room temperature. Statistical analyses (t-tests) were performed using Prism 4 software
(GraphPad).

ATPase Assays
All assays were conducted at room temperature in 50 mM Tris-acetate, pH 7.4, 2 mM
MgCl2. Control reactions were supplemented with DMSO to match the concentration of
DMSO carried over with inhibitors.

KLP61F steady-state basal and MT-stimulated ATPase rates (Figure 2) were measured with
a coupled pyruvate kinase / lactate dehydrogenase assay (26, 27) and normalized to 100% of
the control rate (no inhibitor). Basal ATPase reactions contained 5 µM motor, while MT-
stimulated ATPase reactions contained 200 nM motor, 20 µM paclitaxel (Calbiochem) and
GTP-depleted, paclitaxel-stabilized MTs (2.3 µM bovine or bison tubulin). Inhibitor
concentrations were either 200 µM (monastrol) or 100 µM (all others) in basal assay. To
maintain the inhibitor-to-protein ratio in the basal assays, 4 µM inhibitor concentration was
used in MT-stimulated reactions.

Determination of the HsEg5 basal IC50 (Figure 3A) also utilized coupled assays in which the
activity of 2.5 µM HsEg5 was measured with varying NSC 622124 concentrations (0. 0.1,
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0.5, 1, 2.5, 5, 10, 12.5, 25, 50, and 100 µM). Data was collected on a SpectraMax2E
spectrometer (Molecular Devices). To determine the mode of basal inhibition by NSC
622124 (Figure 3B), HsEg5 activity was observed with varying NSC 622124 concentrations
(0, 10, and 20 µM) and MgATP concentrations (12.5, 20, 25, 50 and 100 µM). A
Lineweaver-Burk plot was graphed in Igor Pro (Wavemetrics Inc.). The x-axis intercept
represents a value equal to - 1/Km. The x-coordinate and y-coordinate of the intersection
from the three fitted lines, corresponding to the three concentrations of inhibitor, denotes the
value of -1/αKm and 1/Vmax, respectively.

Competition assays between NSC 622124 and MgATP or MTs for HsEg5 (Figures 4B and
4C) were measured via a malachite green ATPase assay. Briefly, 50 µl reactions containing
100 nM motor protein, 20 µM paclitaxel, GTP-depleted paclitaxel-stabilized MTs, and
indicated NSC 622124 concentrations were initiated by the addition of MgATP. Aliquots (5,
10 or 15 µl) removed at 2, 3, 4 and/or 5 min were added immediately to dilute malachite
green reagent (BioAssay Systems) in 96-well plates. Time-zero points were obtained by
addition of MgATP after dilution of sample aliquots with malachite green reagent. After 15–
30 min at room temperature, the A650 values of samples and Pi standards were measured
with either a SpectraFluor Plus (Tecan) or a SpectraMax 190 (Molecular Devices)
microplate reader, and rate of Pi production was calculated.

To determine the IC50 for NSC 622124 inhibition of HsEg5 MT-stimulated ATPase activity
(Figure 4A), the malachite green assay was used to measure ATPase rates in the presence of
MTs (0.5 µM tubulin) as a function of NSC 622124 concentration. The IC50 was calculated
by fitting the mean values for each drug concentration as described (19). Note that, for
clarity, Figure 4A shows a subset of the data points utilized for its curve fit analysis.

Trypsin Digest and Proteolytic Mapping
Four 50 µl reactions were carried out at room temperature, one with HsEg5 and NSC
622124 (10 minute preincubation) and another reaction with HsEg5 in the absence of NSC
622124. The additional two reactions consisted of a positive and negative control: HsEg5
that did not undergo digestion and a trypsin digest without HsEg5, respectively. Reactions
were conducted in 50 mM Tris-acetate, pH 7.4, and 2 mM MgCl2, and contained 45 µg
HsEg5 protein, 0.3 µg trypsin (Promega sequencing grade), and/or 343 µM NSC 622126.
These quantities were used to ensure visualization of small peptide fragments on SDS-
PAGE and to mimic molar ratios of protein to inhibitor utilized in the steady-state activity
assays.

Upon addition of trypsin to the reaction, 12 µl were removed from the reaction at four time
points (0, 1, 30, and 90 min) and added to an inhibitor mix that yielded final concentrations
of 1.5 mM PMSF, 100 µM TLCK, and 100 µM TPCK. The proteolytic reactions were
visualized on a NuPage Novex 4–12% Bis-Tris Gel with the 1X MES buffer system
(Invitrogen) and stained with SYPRO Tangerine (Cambrex BioScience Rockland, Inc.).

For mass spectral analysis, bands of interest were excised from the gel under a UV-
transillumination box. Gel pieces, collected in eppendorf tubes, were incubated with one
round of 5% acetonitrile/25 mM ammonium bicarbonate buffer and two rounds of 0.5%
acetonitrile/25 mM ammonium bicarbonate, each round requiring 20 min. Gel slices were
then rinsed with 50 µL acetonitrile for 10 min and excess liquid was manually removed.
Following the above treatment for the gel slices, approximately 0.1 µg trypsin in 10 µL of
25 mM ammonium bicarbonate buffer was added into each vial and incubated at 37°C
overnight (~16 hours). Tryptic peptides were extracted twice with 100 µL of 50/50 0.1%
trifluoroacetic acid/acetonitrile, and dried in a CentriVac. The samples were resuspended
into 10 µL of 2% acetonitrile and 0.1% formic acid, prior to the LC-MS analysis.
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Thermo-Fisher LTQ ion trap mass spectrometry (Waltham, MA) coupled with an Eksigent
nanoLC chromatographer (Dublin, CA) was used for the LC-MS analysis. A gradient was
delivered to a column/emitter (New Objective Picofrit C18 reversed phase, 75 micron ID,
30A) to elute the peptides directly into mass spectrometer. The first linear gradient was set
at 200 nL/min from 5% buffer B (99.9% acetonitrile with 0.1% formic acid) and 95% buffer
A (0.1% formic acid) to 40% buffer B and 60% buffer A in 20 min, and followed by the
second gradient from 40% to 90% buffer B within 10 min. The mass spectrometer then
scanned the ions from m/z 200 to 2000. The precursor ions scanned in MS run were
subjected for MS/MS run. The data were sent to the Thermo-Fisher Sequest database search
engine for database search to display the protein sequence coverage for each sample.

Co-sedimentation Assays
MT co-sedimentation assays were prepared in 50 mM PIPES, pH 6.9, 1 mM EGTA, and 0.5
mM MgCl2 and contained 20 µM paclitaxel, 10 µM tubulin (as paclitaxel-stabilized MTs),
2.5 µM HsEg5 or KLP61F, 1 mM MgAMPPNP, and 25 µM NSC 622124 (or an equivalent
volume of DMSO as a control). Reactions were incubated at room temperature for 15 min
and centrifuged at 110,000×g spun in a Beckman TLA 100.3 rotor at 25°C for 15 min.
Supernatants and pellets were analyzed by SDS-PAGE.

MT-Motility Assays
A sample of bacterial high-speed supernatant containing full length D. melanogaster
Kinesin-1 was applied to slide-coverslip chambers constructed with double-sided tape. The
chamber was washed with a solution of 50 mM PIPES, pH 6.9, 1 mM EGTA, and 0.5 mM
MgCl2 to remove unbound protein followed by the same buffer supplemented with
paclitaxel-stabilized MTs (0.1 µM tubulin), and then either 1 mM MgATP or MgAMPPNP,
was perfused into the chamber. Samples were observed at room temperature by video-
enhanced differential interference contrast microscopy (28) to confirm MT attachment, and
for chambers containing MgATP, MT motility. For each nucleotide condition, after 3–10
min, a solution containing the same nucleotide and 5 µM NSC 622124 was perfused into the
chamber. All solutions pefused into the chamber following the addition of MTs contained 20
µM paclitaxel.

Results
To address the possibility that NSC 622124 binds HsEg5 at a site distinct from monastrol,
we synthesized 14C-monastrol and utilized size exclusion spin chromatography to evaluate
the binding of monastrol to HsEg5 in the absence or presence of selected HsEg5 inhibitors,
including NSC 622124. Comprised of both S- and R- enantiomers, the 14C-monastrol was
similar to commercially available racemic monastrol in ability to inhibit HsEg5 ATPase
activity (data not shown). Binding assays consisted of HsEg5 incubation with 14C-monastrol
followed by centrifugation through G25 Sephadex to separate protein with bound 14C-
monastrol from unbound 14C-monastrol. In order to ensure adequate recovery of protein, 1
mg/ml (~24 µM) was selected as the default protein concentration for these assays, and
typical recovery of HsEg5 protein after centrifugation was 31.4 ± 2.6%. In order to mimic
typical inhibitor-to-protein ratios used in coupled assays of motor basal ATPase activity,
where 5 µM protein and 200 µM monastrol were typically used (e.g., Figure 2), binding
assays utilized 0.9 mM 14C-monastrol.

Under the conditions of the assay, and consistent with the moderate binding affinity (in the
µM range) and specificity of monastrol (19, 29), each mole of HsEg5 that passed through
the column contained 0.34 ± 0.02 mol of 14C-monastrol (Figure 1). Neither varying the
duration of incubation from 10 to 70 min nor the presence of the excess nucleotide (5 mM
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MgATP or MgAMPPNP) had an effect on the extent of 14C-monastrol binding (data not
shown). Since the 14C-monastrol was a racemic mixture of the S- and R-enantiomers and the
relative proportion of each was unknown, the sub-equimolar stoichiometry was expected.

The ability of the Drosophila melanogaster Kinesin-5 protein, KLP61F, to bind 14C-
monastrol was evaluated next. This HsEg5 relative is not inhibited by monastrol (30),
although it is unknown if this insensitivity results from an inability of KLP61F to bind
monastrol, or if KLP61F binds monastrol but is unable to initiate the conformational
change(s) required for inhibition. To distinguish these possibilities, KLP61F was incubated
with 14C-monastrol as described for HsEg5 and subjected to size exclusion spin
chromatography. The results confirmed that KLP61F does not bind 14C-monastrol (Figure
1), demonstrating that key residue differences exist in the drug-binding pocket of the two
proteins.

As shown in Figure 1, pre-incubation of HsEg5 with four inhibitors previously reported to
target the monastrol-binding site (22) either completely (for STLC, NSC 169676 and NSC
59349) or significantly (for flexeril, unpaired t-test, p = 0.027) reduced the binding of 14C-
monastrol to HsEg5. In contrast, NSC 622124 did not significantly reduce bound 14C-
monastrol (unpaired t-test). Since NSC 622124 did not appear to target the HsEg5
monastrol-binding site and has demonstrated inhibition of the Kinesin-14 motor, Ncd (4),
we next investigated whether this compound affected either the basal or MT-stimulated
ATPase activities of monastrol-insensitive (30) KLP61F. As expected from both previous
work (29) and the inability of KLP61F to bind 14C-monastrol (Figure 1), inhibitors that
target the monastrol binding-site had no effect on KLP61F ATPase activity either with or
without MTs (Figure 2). In contrast, NSC 622124 significantly inhibited both basal and MT-
stimulated ATPase activities of KLP61F.

Since the results from Figures 1 and 2 strongly suggested that NSC 622124 binds to HsEg5
at a site different from monastrol (and by extension, STLC, NSC 59349, NSC 169676 and
flexeril), we wished to characterize further the interaction of NSC 622124 with HsEg5. The
ability of NSC 622124 to inhibit both a monastrol-sensitive kinesin (HsEg5) and two
monastrol-insensitive kinesins (Ncd (4) and KLP61F) suggested that NSC 622124 might
bind to an orthosteric site shared by all kinesin motors, e.g., the ATP-binding site or the MT-
binding site. NSC 622124 has previously been reported to inhibit HsEg5 basal ATPase
activity with an IC50 of 13 µM, but no IC50 for inhibition of MT-stimulated ATPase activity
was reported (4). From the data presented in Figure 3A, we confirmed that the basal IC50 is
13 µM, as previously reported (4). Also in the absence of microtubules, we examined the
effects of increasing concentrations of ATP on the inhibitory activity of the small molecule,
using NADH-coupled assays to monitor product formation from HsEg5 catalytic reactions.
Lineweaver-Burk analysis of this data (Figure 3B) demonstrated that NSC 622124 exhibits
mixed-type inhibition of this Kinesin-5 motor domain, with respect to ATP, in the absence
of tubulin. Mixed-type inhibition, a form of noncompetitive inhibition, indicates that
NSC622124 can bind to HsEg5 alone with micromolar affinity or bind to HsEg5•substrate
binary complexes, but its affinity for the two forms of the enzyme is different. The inhibition
constant (Ki) calculated for the HsEg5•NSC 622124 complex is 0.55 µM, and the α factor is
4.8, indicative that the dissociation constant for HsEg5•substrate•NSC 622124 is higher.
Thus, NSC 622124 does not compete, and does not bind to, the nucleotide triphosphate site
of HsEg5.

To determine the IC50 for inhibition of HsEg5 MT-stimulated ATPase activity, ATPase
rates in the presence of MTs were measured as a function of NSC 622124 concentration
(Figure 4A). The calculated IC50 was 69 ± 15 nM, indicating that NSC 622124 is one of the
higher affinity HsEg5 inhibitors characterized to date. To determine if NSC 622124
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competes with MTs for binding to HsEg5, MT-stimulated ATPase assays were conducted at
different NSC 622124 concentrations for several MT (tubulin) concentrations (Figure 4B).
In a Lineweaver-Burk plot of the resulting data, NSC 622124 and MTs exhibited
competitive binding for HsEg5. In contrast, when MT-stimulated ATPase reactions were
carried out at different NSC 622124 concentrations over a range of MgATP concentrations
(Figure 4C), there was no evidence of a competitive interaction between the inhibitor and
the nucleotide for binding to HsEg5.

From the above series of steady-state kinetic assays, the competition between NSC 622124
and MTs for binding to HsEg5 predicted that the inhibitor should interfere with the ability of
HsEg5, and perhaps other kinesins, to bind MTs. To test this possibility, three
complementary approaches were used: co-sedimentation assays with two different motors
proteins, MT motility assays, and proteolytic mapping of the inhibitor-binding site. In the
first approach, HsEg5 and KLP61F binding to MTs was evaluated using co-sedimentation
assays with and without NSC 622124, and the results (Figure 5) demonstrated that NSC
622124 substantially disrupted HsEg5 and KLP61F binding to MTs, even in the presence of
rigor-inducing MgAMPPNP.

To test whether NSC 622124 would show a similar effect in MT motility assays, as well as
to evaluate the compound’s effect on a kinesin motor outside the Kinesin-5 family, the effect
of NSC 622124 on the D. melanogaster Kinesin-1 MT motility in the presence of either 1
mM MgATP or MgAMPPNP was observed by video-enhanced differential interference
contrast microscopy (Figure 6). Without NSC 622124, kinesin in the presence of 1 mM
MgATP supported MT gliding at published rates [mean rate = 0.48 ± 0.04 µm/sec, n = 10
(25)], whereas kinesin in the presence of 1 mM MgAMPPNP exhibited rigor binding to
MTs. Replacement of the chamber volume with buffer containing paclitaxel and identical
nucleotide had no effect on the number of MTs attached to the surface [and for MgATP, no
effect on the rate of gliding (0.47 ± 0.03 µm/sec, n = 10)]. However, subsequent replacement
of the chamber volume with buffer containing paclitaxel, identical nucleotide and 5 µM
NSC 622124, caused a reduction in the number of MTs attached to the surface. For
experiments with MgATP, the majority of MTs released from the coverslip during the time
course of NSC 622124 perfusion (<25 sec) and the few MTs that remained attached showed
no directed movement, and instead exhibited thermal movements consistent with single-
point attachment. Experiments performed in the presence of MgAMPPNP provided similar
results in terms of reduction in the number of attached microtubules and increased evidence
of single-point attachment, but the time course of detachment was extended over a period of
several min.

To search for a putative NSC 622124 binding site in HsEg5, purified HsEg5 motor domain
samples incubated with the inhibitor were subjected to partial proteolysis by trypsin, and the
resultant fragments were separated by SDS-PAGE (Figure 7). The positive control,
trypsinolysis of motor alone, led to immediate digestion of the protein to yield initial 32.8
and 7.1 kD products (lanes 7 & 8) and a terminal 3.5 kD product (lane 10). Samples of
HsEg5 in the presence of NSC 622124 (lanes 2–4) were not degraded as rapidly by the
serine protease, and these trypsinolysis reactions yielded different digestion products: initial
34.6 and 7.9 kD products (lanes 2–4) and a terminal set of an 11 kD fragment, a 7.1 kD
fragment, and a 5.1-4.0 kD smear (lane 5). Negative control reactions of HsEg5 in the
absence of trypsin (lane 1& 11) over the same time course indicated no spurious degradation
of the motor domain under these experimental conditions.

These data show that we have generated protein fragments that are selectively protected
from degradation in the presence of NSC 622124. Since these fragments may represent a
subset of the minimal interaction domains of the inhibitor with HsEg5, the 5.1-4.0 kD region
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was excised from the SDS-gel, and subjected to an additional round of trypsin treatment
before the fragments were extracted from the acrylamide matrix. Mass spectral analysis of
this extraction revealed the sequence of two peptides, corresponding to residues 222–312
(TTAATLMNAYSSR) and residues 306–312 (TPHVPYR) of the HsEg5 motor domain.
These peptide sequences, uniquely protected in the presence of inhibitor, may therefore
represent a portion of the NSC 622124-binding site in this Kinesin-5 protein.

Discussion
Here we show that NSC 622124 does not bind to the L5 loop “hot spot” recognized by
monastrol and several other HsEg5 inhibitors [Figure 1 and (21, 22)], and that NSC 622124,
unlike monastrol, can inhibit KLP61F and Kinesin-1 (Figures 2, 5 and 6). Further, the
mechanism of NSC 622124 inhibition is different from that of monastrol. In contrast to
evidence that monastrol has little or no effect on co-sedimentation of monomeric HsEg5 (as
used here) with MTs (13, 31), and also stabilizes the interaction between HsEg5 and MTs in
motility assays (15), herein NSC 622124 was shown to disrupt the interaction between
motor and MTs in both assays. Finally, unlike monastrol (19), NSC 622124 demonstrated
direct competition with MTs for binding to HsEg5.

The simplest explanation for these results is that NSC 622124 binds at or adjacent to the
conserved kinesin MT-binding site and consequently alters the interaction of the motor with
MTs. This conclusion is further supported by proteolytic mapping (Figure 7), which defined
two minimal HsEg5 fragments protected by NSC 622124: (a) the C-terminal residues in the
L12 loop, followed by N-terminal portion of the HsEg5 α5 helix (306TPHVPYR312) and (b)
the C-terminus of the α3 helix, as well as the switch I region (222TTAATLMNAYSSR234).
The core of the MT-binding interface has been defined as the conserved L12 loop and
subsequent helix α5 (32), and the correlation between the first fragment listed above with
the alanine-scanning mutagenesis mapping of the MT-binding site (32) provides direct and
strong support that NSC 622124 targets the MT-binding site of HsEg5.

How might NSC 622124 associate with the MT-binding site of kinesins? The compound is
~12 × 15 Å with a negatively charged surface and may therefore interact with the positively
charged residues present in the conserved kinesin MT-binding site (32). A similar charge-
dependent interaction between another polyoxometalate and the DNA-binding site of
various DNA polymerases inhibits the ability of these enzymes to bind DNA (33). Binding
of NSC 622124 to the MT-binding domain would clearly inhibit, through direct competition,
the ability of the motor to bind MTs and to undergo MT-stimulated enhancement of ATP
hydrolysis.

Two other compounds, adociasulfate-2 (AS-2) (34) and rose bengal lactone (RBL) (35),
have also been reported to bind at/near the MT-binding site. Both compounds inhibit the
MT-stimulated ATPase activity of Kinesin-1 and at least one other kinesin motor, and both
compete with MTs but not ATP for binding to the motor. Further, AS-2 and RBL inhibit the
interaction between Kinesin-1 and MTs in motility assays and in MT co-sedimentation
assays (34, 35), similar to our NSC 622124 data. However, these compounds are ~100 fold
less effective against HsEg5 and/or Kinesin-1 MT-stimulated ATPase activity than NSC
622124 is against HsEg5 (34–36). In fact, NSC 622124 is among the most effective
inhibitors of HsEg5 MT-stimulated ATPase activity reported to date [Figure 4A and (4, 10)].

NSC 622124 also differs from AS-2 and RBL in effect on basal ATPase activity. Both AS-2
and RBL have been variously reported to either enhance or inhibit the basal ATPase activity
of different kinesins (34–36). AS-2 has been proposed to act as a MT “mimic” in which
negatively charged sulfate groups act analogously to the negatively charged C-termini of
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tubulin (34), and subsequently AS-2 has been shown to form rod-like aggregates that have
been proposed to be the “active” form of AS-2 (37). Like AS-2, RBL has been reported to
form aggregates, although the formation of aggregates by RBL may represent a non-specific
mechanism of inhibition associated with several “promiscuous” inhibitors (38).

In contrast to AS-2 and RBL, there is no evidence that NSC 622124 can enhance the basal
ATPase activity of any kinesin motor [(4), and Figures 2 and 3]. In fact, the ability of NSC
622124 to inhibit the basal ATPase activity of HsEg5 allowed the inhibitor to ”survive” a
screen designed to eliminate compounds that affected MT assembly or motor binding to
MTs (4). Interestingly, NSC 622124 is apparently unable to inhibit the basal ATPase activity
of the A. nidulans Kinesin-5, bimC (4), although unlike most kinesins, this motor appears to
contain two MT-binding sites within its motor domain (39).

Since MTs clearly influence events at the nucleotide hydrolysis site, it is perhaps not
surprising that other molecules could influence nucleotide hydrolysis activity via the MT-
binding site. NSC 622124 association with the MT-binding site may induce different
conformation changes from those induced by MT binding, and consequently this compound
may impair nucleotide hydrolysis whereas MTs enhance hydrolytic rates. The proteolytic
mapping of the switch I sequence provides an explanation for the mixed-type inhibitions
exhibited by NSC 622124 for HsEg5. The binding of ATP is expected to induce
conformational switching of the switch I sequence, implicated in interactions with the γ-
phosphate moiety of the substrate, and thereby alter the inhibition constant of the
polyoxometalate for the motor protein. Conversely, as our kinetic data indicate that NSC
622124 can bind to HsEg5 in the absence of substrate, binding of the small-molecule
inhibitor may alter the conformation of switch I and directly affect substrate binding.
Examination of topological representations of these proteolytic fragments in HsEg5 in the
absence (Figure 7B) or presence (Figure 7C) of an L5-directed allosteric inhibitor permits
appreciation of the different conformational changes recognized in this Kinesin-5 protein
and the outcome of these structural alterations on the NSC 622124 binding site. However,
atomic resolution of the exact NSC 622124 binding site and its allosteric regulation of ATP
hydrolysis will likely depend on co-crystallization of the compound and motor protein.

It is relevant to note that NSC 622124 was recently found to inhibit protein kinase CK2 (40).
This work demonstrated that NSC 622124 is a nanomolar inhibitor of CK2 and, similar to
our results, that the compound did not target the enzyme’s ATP- binding site. However,
unlike our results in which the inhibitor targeted the MT-binding site, NSC 622124 did not
compete with a substrate peptide for the substrate-binding site of the kinase, and thus
appears to interact with CK2 via a distinct binding site. Further, unlike our results in which
NSC 622124 affected multiple kinesins, the inhibitor was specific for CK2 in a screen of 29
kinases. Thus, NSC 622124 is not specific for kinesin proteins, but is clearly able to target
different proteins through different mechanisms.

Overall, our data reinforce the concept that small molecules can control kinesins through
sites other than the L5 loop specific to Kinesin-5 motors. Although a pan-kinesin inhibitor
targeting a site shared by multiple proteins may not initially appear promising for
therapeutic uses, recent work has identified a novel class of HsEg5 specific, ATP-
competitive inhibitors that interact either directly with the nucleotide-binding site, or
through allosteric interactions (41, 42). The ability of such compounds to target a conserved
binding site shared by all kinesins yet still retain specificity to a select few suggests that it
may be possible to generate NSC 622124 derivatives that show specificity for certain
kinesins and thereby selectively interfere with cell processes that depend on those motors.
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Abbreviations

ADP adenosine 5’-diphosphate

AMPPNP adenosine 5’-(β,γ-imido)triphosphate

ATP adenosine 5’-triphosphate

AS-2 adociasulfate-2

DMSO dimethyl sulphoxide

HsEg5 Homo sapiens Kinesin-5

HEPES 4-(2-hydroxylethyl)piperazine-1-ethanesulfonic acid

IC50 median inhibitory concentration

MT microtubule

monastrol 4-(3-hydroxyphenyl)-6-methyl-2-thioxo-1,2,4-trihydro-pyridimine-5-
carboxylic acid ethyl ester

STLC S-trityl-L-cysteine
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Figure 1. NSC 622124 Does Not Interfere with 14C-Monastrol Binding to HsEg5
Reactions containing 24 µM protein (HsEg5 or KLP61F) and 0.9 mM 14C-monastrol were
subjected to size exclusion spin chromatography and the amount of protein and bound 14C-
monastrol was determined. Data represent the mean ± SEM of 18 reactions (36 columns) for
HsEg5 and 2 reactions (4 columns) for KLP61F. To assay for competition between indicated
HsEg5 inhibitors and 14C-monastrol for binding to HsEg5, reactions were prepared as above
except 0.5 mM of the indicated inhibitor was incubated with the motor for 20 min at room
temperature before addition of 14C-monastrol. Data represent the mean ± SEM of 4
reactions (8 columns).
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Figure 2. NSC 622124 Inhibits KLP61F Basal and MT-Stimulated ATPase Activities
Basal (open bars) and MT-stimulated (solid bars) ATPase rates were determined for the
indicated inhibitors and normalized to the appropriate control (no inhibitor) mean rate. Basal
ATPase reactions contained 5 µM KLP61F and the control basal rate was 0.047 ± 0.002
ADP/motor/s. Inhibitor concentrations in the basal reactions were either 200 µM (monastrol)
or 100 µM (all other inhibitors). MT-stimulated ATPase reactions contained 200 nM
KLP61F and the control MT-stimulated rate was 0.63 ± 0.04 ADP/motor/s. The
concentration of inhibitor was 4 µM in the MT-stimulated reactions. Each bar represents the
mean ± SEM of 3-7 reactions except control basal (n=10) and MT-stimulated (n=14) values.
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Figure 3. NSC 622124 is a Micromolar Inhibitor of HsEg5 Basal ATPase Activity and Exhibits
Mixed Inhibition with MgATP in Binding to HsEg5
(A) Inhibition of ATPase activity was tracked via NADH coupled assays containing 2.5 µM
Eg5 motor protein in the presence of 0, 0.1, 0.5, 1.0, 2.5, 5.0, 10.0, 12.5, 25.0, 50.0, and
100.0 µM NSC 622124. Each data point represents the mean ± SEM of 3–4 replicates. The
IC50 is 13 µM. (B) ATPase activity was measured with an array of NSC 622124
concentrations (0, 10, and 20 µM) and MgATP concentrations (12.5, 20, 25, 50 and 100
µM). Results were graphed into a Lineweaver-Burk plot. Each data point represents the
average of 3–4 replicates. SEM values averaged 8% of the means (range of 0.6% to 14%,
with the higher percentage corresponding to the lowest measurable rates due to inhibition).
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Figure 4. NSC 622124 is a Nanomolar Inhibitor of HsEg5 MT-Stimulated ATPase Activity and
Competes with MTs but not ATP for Association with HsEg5
(A) MT-stimulated ATPase activity as a function of NSC 622124 concentration. Reactions
containing 100 nM HsEg5, paclitaxel-stabilized MTs (0.5 µM tubulin), and 1 mM MgATP
were prepared with a range of NSC 622124 concentrations (0, 0.002, 0.02, 0.05, 0.1, 0.2,
0.5, 1, 25, 50, and 100 µM) and ATPase rates were determined with a malachite green assay.
Each point represents the mean ± SEM of 2–16 reactions. All data were used to fit the curve
although only data from 0–25 µM NSC 622124 are shown. (B) MT-stimulated ATPase rates
of 100 nM HsEg5 were measured in the presence of 2 mM MgATP and 0, 50 or 100 nM
NSC 622124 at several tubulin concentrations (0.17, 0.27, 0.37, 0.64, and 1.08 µM), and
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results were graphed as a Lineweaver-Burk plot. Each data point represents the mean of 4–
12 reactions. SEM values averaged 4% of the means (range = 2% to 8%). (C) MT-
stimulated ATPase rates of 100 nM HsEg5 were measured in the presence of MTs (0.75 µM
tubulin) and 0, 50 or 150 nM NSC 622124 over a range of MgATP concentrations (62.5,
125, 250, and 500 µM), and results were graphed as a Lineweaver-Burk plot. Each data
point represents the mean of 4–8 reactions. SEM values averaged 4% of the means (range =
1% to 7%).
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Figure 5. NSC 622124 Inhibits HsEg5 and KLP61F Binding to MTs
Co-sedimentation assays containing HsEg5, MTs, MgAMPPNP and either DMSO or 25 µM
NSC 622124 were performed as described in the Methods, and supernatant (S) and pellet (P)
fractions were subjected to SDS-PAGE. The positions of molecular weight markers, tubulin
(T), and relevant motor (M) are indicated.
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Figure 6. NSC 622124 Disrupts Kinesin-1 MT Attachment and Motility
The effect of NSC 622124 on the interaction of D. melanogaster Kinesin-1 and MTs in the
presence of either 1 mM MgATP (left column) or MgAMPPNP (right column) was
observed by video-enhanced differential interference contrast microscopy. Paclitaxel-
stabilized MTs and either 1 mM MgATP or MgAMPPNP were perfused into slide-coverslip
chambers pre-coated with a bacterial high-speed supernatant containing Drosophila
Kinesin-1. Images were collected just before (- 1 min, top row) perfusion with buffer
containing 20 µM paclitaxel, 1 mM appropriate nucleotide, and 5 µM NSC 622124, as well
as 5 min after initiation of perfusion (bottom row). Each panel is ~27 µm wide.
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Figure 7. NSC 622124 Imparts Protection against Proteolytic Digestion of HsEg5
(A) Representative samples from the trypsin digestion experiments of HsEg5, in the
presence or absence of NSC 622124, were run on a 4–12% SDS-PAGE. Lanes contain:
negative control HsEg5 without the small-molecule inhibitor and without trypsin at 0 min
timepoint (1); reactions of HsEg5 with NSC 622124 and trypsin terminated at 0 min (2), 1
min (3), 30 min (4), and 90 min (5); Mark12 (Invitrogen) molecular weight standards (6);
reactions of HsEg5 and trypsin terminated at 0 min (7), 1 min (8), 30 min (9), and 90 min
(10); negative control HsEg5 without the inhibitor and without trypsin at 90 min timepoint
(11); and trypsin alone at 90 min (12). The locations of peptide sequences obtained from the
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~4 kD band in lane 5 are shown are labeled yellow on the X-ray structures of HsEg5
complexed with MgADP (B) and complexed with monastrol and MgADP (C).
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