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The kinesin Eg5 plays an essential role in bipolar spindle formation. A variety of structurally diverse
inhibitors of the human kinesin Eg5, including monastrol and STLC, share the same binding pocket on
Eg5, composed by helix a2/loop L5, and helix a3 of the Eg5 motor domain. Previous biochemical analysis
in the inhibitor binding pocket of Eg5 identified key residues in the inhibitor binding pocket of Eg5 that in

Keywords: the presence of either monastrol or STLC exhibited ATPase activities similar to the untreated wild type
Eg_S . Eg5. Here we evaluated the ability of full-length human Eg5 carrying point mutations in the drug binding
mgg;lsstml pocket to confer resistance in HeLa and U20S cells to either monastrol or STLC, as measured by the
STLC formation of bipolar spindles. Both transfected cells expressing wild type Eg5 and untransfected cells
Drug were equally sensitive to both inhibitors. Expression of Eg5 single point mutants R119A, D130A, L132A,
Resistance 1136A, L214A and E215A conferred significant resistance to monastrol. Certain mutations inducing

monastrol resistance such as R119A, D130A and L214A also conferred significant resistance to STLC. For
the first time at a cellular level, the propensity of selected Eg5 point mutants to confer drug resistance
confirms the target specificity of monastrol and STLC for Eg5. These data also suggest a possible

mechanism by which drug resistance may occur in tumors treated with agents targeting Eg5.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

The human kinesin Eg5 (also known as KSP, or Kif11), a member
of the kinesin-5 family, is essential for the formation of a bipolar
spindle in dividing cells [1]. Eg5 is a homotetrameric motor formed
by the antiparallel arrangement of two dimers [2]. The Eg5
tetramer has the ability to crosslink antiparallel microtubules
emanating from the two centrosomes at G2/M. Through its plus-
end directed microtubule-based motor activity, Eg5 is capable of
generating outward forces that contribute to the separation of the
two centrosomes, a process which is essential for the successful
establishment of a bipolar spindle during mitosis [3,4].

The success of the tubulin targeting agents (such as vinca
alkaloids and taxanes) led to acceptance of the hypothesis that
drugs targeting other proteins of the mitotic spindle may be a
rational strategy to combat tumor growth with the advantage of
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having less side effects [5,6]. Due to Eg5’s essential function in
mitosis, it is now an important target for the development of
inhibitors that have antimitotic activity [7-9]. Following the
discovery of monastrol [10], the first identified Eg5 inhibitor, a
plethora of structurally related and unrelated inhibitors of Eg5
have been recently identified [11-13]. Earlier, we have described
STLC as an Eg5 specific inhibitor which proved more potent than
monastrol [14]. Chemical analogues of STLC have also been
recently evaluated as potential inhibitors [15,16]. STLC, like
monastrol and most if not all of the known Eg5 inhibitors, also
inhibits mitosis, promoting the characteristic monoastral spindle
phenotype [10,17]. Induction of aberrant mitosis in tumor cells
leads to consequent mitotic arrest, which is often followed by
apoptotic cell death [18,19]. The fact that Eg5 inhibition in cancer
cells results in a prolonged arrest in mitosis and an increased
incidence of apoptosis has validated the apoptotic properties of
Eg5 inhibitors [19-23].

Unfortunately, similar to the case for kinase inhibitors, highly
selective chemical inhibitors of motor proteins are difficult to
develop because all members of the kinesin superfamily share a
conserved motor domain [24]. Thus, the issue of target specificity
is of great importance for inhibitors targeting Eg5. Structural
analyses of the interaction between the Eg5 motor domain and
various inhibitors such as monastrol, its analogues and other
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Fig. 1. (A) Surface rendering plot of the motor domain of human Eg5 with Mg?*ADP and monastrol bound in the allosteric drug binding pocket (left panel). The different amino
acid residues mutated in the binding pocket in the blow up were labeled with distinct colors for facilitating their identification). (B) Bar diagram of the human mitotic kinesin
Eg5, containing the N-terminal motor domain, an internal a-helical region predicted to form a discontinuous coiled-coil, and the C-terminal tail domain. The point mutations
introduced by alanine-scanning mutagenesis in the inhibitor binding pocket of the motor domain are indicated.

inhibitor scaffolds have been recently carried out [25-29]. These
ligands bind in a unique pocket in the Eg5 motor domain formed
by the secondary elements helix a2/loop L5 (Tyr125-Glu145)and
helix a3 (I1le202-Leu227) (shown in Fig. 1A). Loop L5 is part of an
inhibitor binding pocket, which can accommodate different
classes of inhibitors that can interact in a largely similar way.
Drug binding induces allosteric changes in the mechanochemical
cycle of the motor domain resulting in a slower ADP release rate
from the active site, thus affecting the binding of Eg5 to
microtubules [30-32]. Previous studies using hydrogen-deuter-
ium exchange and mass spectrometry coupled with directed
mutagenesis on the motor domain of human Eg5 showed that
monastrol and STLC both bind to the same pocket [33,34].
Relatively subtle mutations in the binding pocket can confer
resistance to drug binding without abolishing enzymatic function.
In the presence of monastrol, and (for certain mutants) STLC, the
basal and microtubule stimulated ATPase activities of the mutants
were similar or diminished by up to a factor of 8 and their Ky
values for microtubules were increased when compared to those
of the wild type Eg5 motor domain [34]. However, this purely in
vitro study left unanswered questions including (i) whether the
mutants could confer resistance to anti-Eg5 agents in cell-based
assays and (ii) whether a compromised ATPase activity as a result
of mutations in the catalytic core of the Eg5 motor domain would
inhibit bipolar spindle formation in cells.

In this report, we introduced 10 point mutations in the
allosteric drug binding pocket of the motor domain of full-length
Eg5 (Fig. 1B), and following transient transfection of HeLa cells we
tested whether these mutants could indeed confer resistance to
two chemically distinct inhibitors, monastrol or STLC. We
identified mutations that were capable of conferring resistance

to either monastrol or STLC, and certain of these mutations were
consequential for both drugs. We discuss the significance of the
results with reference to drug binding specificity as well as the
drug resistance that may be encountered during chemotherapy
using drugs that target the inhibitor binding site of Eg5.

2. Materials and methods
2.1. Cloning of point mutations and transfection

The QuikChange kit (Stratagene, La Jolla, CA) was used to
introduce point mutations by alanine-scanning mutagenesis in the
drug binding pocket (indicated in Fig. 1B) directly into the Eg5-
pRcCMYV plasmid coding for the native full-length Eg5 fused to a N-
terminal myc-tag [1]. The sequences of the primers used and the
unique restriction sites introduced are noted in Table 1 of the
supplemental material section. For clone selection purposes, a
unique restriction site was introduced in addition to the point
mutation by silent mutagenesis. Positive clones were subsequently
confirmed by DNA sequencing.

2.2. Cell culture, transient transfection, and immunofluorescence
microscopy

HeLa and U20S cells were grown in D-MEM (Gibco BRL; Paisley,
UK), supplemented with 10% fetal calf serum (Hyclone) on poly-p-
lysine (Sigma-Aldrich, Saint Louis Missouri)-coated 12 mm-
diameter glass coverslips up to confluence 70-80% on the day of
transfection. Transfection of cells with the different plasmids was
carried out using Lipofectamine 2000 (Invitrogen, Carlsbad, CA)
according to the manufacturer’s protocol. Twenty-four hours after
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transfection, cells were exposed for 8 h to 100 .M monastrol or
5 M STLC (Novabiochem, Merck KGaA, Darmstadt, Germany),
both from 50 mM stocks in DMSO) at 37 °C. Cells were then fixed
by incubation in 2% paraformaldehyde (20 min at 37 °C) and
permeabilized with 0.2% Triton X-100 in PBS for 3 min before being
incubated with primary and stained with secondary antibodies.
Expressed wild type and mutants of Eg5 were detected by a mouse
monoclonal anti-myc antibody (Covance, Berkeley, CA) used at
200-fold dilution. TPX2 spindle protein was detected by rabbit
polyclonal anti-TPX2 (Bethyl Laboratories, Motgomery, TX) anti-
bodies at 400-fold dilution. The FITC-conjugated goat anti-mouse
and goat Cy3-conjugated anti-rabbit secondary antibodies were
used at 250-fold dilution and were purchased from Jackson (The
Jackson Laboratory, West Grove, PA). DNA was detected either by
incubation with 0.2 pg/ml propidium iodide in PBS for 5 min
following incubations with secondary antibodies or with 4’,6-
Diamidino-2-phenylindole dihydrochloride (DAPI) with the VEC-
TASHIELD (Vector Laboratories Inc, Burlingame, CA) mounting
medium.

Images were collected with an MRC-600 Laser Scanning
Confocal apparatus (BioRAD Laboratories) coupled to a Nikon
Optiphot microscope, and an inverted Olympus IX81 epifluores-
cence motorized microscope equipped with a motorized piezo
stage (Ludl Electronic Products, USA) and a Retiga-SRV CCD
camera (QImaging,) driven by VOLOCITY software (Improvision
Ltd., UK) with a binning of 1, using a PlanApo 60x NA1.42
objective (Olympus). Images were processed in Photoshop
version 7.0 (Adobe) and assembled in CANVAS version 8.0
(Denaba Systems).

Mitotic cells from three different series of transfection
experiments were scored based on their phenotypes, myc-positive
or myc-negative (at least 100 cells of each phenotype) and as either
bipolar or monoastral. The percentage of bipolar spindles myc-
positive and myc-negative were then determined. Student’s t-test
analysis was carried out in order to evaluate the significance of the
observed differences in the means of bipolar spindle formation
resulting from expression of Eg5 mutants compared to wild type
Eg5 in the presence of monastrol or STLC. We classified a difference
as being significant if the calculated t-value was equal or higher
than tabulated t-values at p <0.05 (>95% confidence), and as
partially significant at p < 0.1 (>90% confidence). In order to test
whether undetectable levels of transfected Eg5 mutants (classified
as myc-negative) can induce partial resistance to the drugs,
manifested by an increase in the percentage of bipolar spindles in
myc-negative cells in the total myc-negative population, we
carried out correlation analysis of the means between the
percentage of bipolar myc-positive and bipolar myc-negative cells
transfected with Eg5 mutants. The calculated correlation coeffi-
cient was then evaluated with a table of correlation coefficients.

2.3. Cell extracts and immunoblotting

Twenty-four hours after transfection, cells were harvested and
lysed in 50 mM Tris-HCl, pH 7.4, 250 mM NaCl, 5 mM EGTA, 0.1%
NP-40, supplemented with protease and phosphatase inhibitors,
for 30 min on ice. Equal protein concentration of the different
lysates were loaded onto polyacrylamide gels and then transferred
to nitrocellulose. Expressed Eg5 was detected by a mouse anti-myc
monoclonal antibody; endogenous Eg5 was detected with a
polyclonal antibody raised against the C-terminus of human Eg5
[1]; actin was detected by a polyclonal rabbit anti-pan-Actin
antibody (Cell Signaling Technology Inc., Danvers, MA). Nitrocel-
lulose sheets were then incubated with HRP-conjugated goat anti-
mouse and anti-rabbit IgG secondary antibodies. Protein-antibody
complexes were detected by enhanced chemiluminescence (Pierce
Biotechnology, Rockford, IL,).

3. Results
3.1. Expression of Eg5 point mutants in cells

Single point mutations were introduced in the inhibitor binding
pocket of a N-terminal myc-tagged human Eg5 using an alanine-
scanning mutagenesis strategy [34]. Previously, in vitro kinetic
analysis of each of the motor domain mutants has shown that the
mutations did not significantly alter the microtubule binding
properties of the motor domain but indeed could influence the
binding of either monastrol or STLC to Eg5 [34].

Following transient transfections of HeLa cells, we verified by
immunoblot analysis that each point mutant was expressed at
approximately equivalent levels (Fig. 2A). In addition, the
expressed Eg5 mutants were also capable of localizing to bipolar
spindles in a diffuse manner, and in a localization pattern very
similar to that observed by indirect immunofluorescence micro-
scopy of tagged wild type Eg5 (Fig. 2B). Similar diffused spindle
staining was observed for endogenous Eg5 using a C-terminal
antibody to Eg5 (data not shown) as previously reported [1,35]. In
the course of short term transient transfections there were no
defects in bipolar spindle formation and function. Expression of
wild type or mutant Eg5 did not induce any changes in bipolar
spindle formation. In unsynchronized cell cultures and 24 h after
transfection, the percentage of bipolar metaphase spindles of myc-
positive cells were comparable to that of untransfected (myc-
negative) cells, 50% vs. 48%, respectively. We have to note that
although transient transfections in HeLa cells were successful in
the period of 36h, we were unable to raise permanently
transfected clones expressing either wild type or any of the Eg5
mutants. One possible explanation for our inability to raise stable
expressing clones may come from the recent observation in the
mouse model showing that overexpression of Eg5 resulted in
tumorogenesis which was associated with chromosome instability
due to perturbations of the mitotic spindle assembly [36].

3.2. Induction of resistance to monastrol in cells following expression
of Eg5 point mutants

Having established that the point mutants could be expressed
and localized to bipolar spindles of transiently transfected cells,
cells were then exposed to either monastrol or STLC, at inhibitor
concentrations that induce maximal inhibitory effects as deter-
mined by the induction of monoastral spindles (100 wM and 5 M,
respectively). Untransfected control cells exposed to these
concentrations arrest in mitosis with a monoastral spindle
phenotype (Fig. 3A). We hypothesized that if the introduced Eg5
point mutants are capable of conferring resistance to monastrol or
STLC, then cells expressing Eg5 mutants (detected by anti-myc)
would be rescued in the presence of the drugs and capable of
proceeding through mitosis and form normal bipolar spindles,
whereas untransfected cells (myc-negative cells) would be drug
sensitive, showing the characteristic monoastral spindle pheno-
type. Spindle morphology was determined by staining the spindles
with an antibody against TPX2, a mitosis specific microtubule
associated protein [37] (Fig. 3A).

Following exposure to monastrol (100 puM, for 8 h), the vast
majority of mitotic spindles of cells expressing wild type Eg5 were
monoastral (Fig. 3A). There were only 9.8 + 4.2% of myc-positive
(myc+) bipolar spindles vs. 11.2 +4.9% of bipolar myc-negative
(myc—) spindles; in untransfected cells there were only 9.4 + 2.7%
bipolar spindles after similar monastrol treatment. This suggested
that overexpression of wild type Eg5 did not change the sensitivity of
cells to monastrol (Fig. 3 panels B and C). As observed for the wild
type, the expression of V210A and Y211A Eg5 mutants did not alter
the sensitivity of expressing cells to the drug (Fig. 3 panels B and C).
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Fig. 2. Expression and localization of the Eg5 point mutants. (A) HeLa cells were transiently transfected with the various Eg5 point mutants and after 24 h total cell extracts
were loaded on SDS-PAGE for immunoblot analysis using anti-myc for detection of the ectopically expressed Eg5, anti-Eg5 to compare the levels of overexpression relatively
to endogenous Eg5 from untransfected control and anti-actin as protein loading control. (B) Transfected cells were fixed and stained for indirect immunoflourescence
microscopy to detect expressed Eg5 using an anti-myc monoclonal antibody (in green) and DNA stained with propidium iodide (red). Expressed wild type Eg5 and all point
mutants of the drug binding pocket of Eg5 were diffusely distributed in the mitotic spindle.

However, the expression of certain Eg5 mutants in the drug
binding pocket conferred significant resistance to monastrol. For
example expression of D130A and L214A Eg5 mutants resulted
in 48% and 61% of myc-positive bipolar spindles, respectively
(Fig. 3B). As expected, under the same conditions the non-
expressing cells (myc— cells) were still sensitive to monastrol
to the same degree as cells that were not transfected with 8.38%
and 13.53% (myc— bipolar spindles), respectively. Statistical
analysis of the data by Student’s t-test of the data (suppl.
material Table 2) confirmed that the expressed Eg5 mutants

R119A, D130A, L132A, 1136A, [214A and E215A conferred
significant resistance to monastrol (with higher than 95%
confidence) when compared to the expression of wild type
Eg5. Mutant V210A conferred only partial resistance (90%
confidence). In contrast, expressed wild type and mutants
W127A and R221A and did not confer any significant resistance
to monastrol.

The possibility existed that low expression of the mutants, at
levels not detectable by indirect immunofluorescene micro-
scopy, may have been also capable of inducing resistance to
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Fig. 3. Resistance to monastrol of HeLa cells expressing Eg5 point mutants. (A) Transfected cells in the absence and presence of monastrol (100 M, for 8 h) were fixed and
stained for indirect immunoflourescence microscopy. Expressed Eg5 was detected using an anti-myc monoclonal antibody (green); the spindles were stained with anti-TPX2,
a spindle associated protein (red), and chromatin was stained with DAPI (blue). The presence of bipolar myc-positive and myc-negative bipolar and monoastral spindles were
scored and the % of bipolar spindles over the total spindles of each class were determined and plotted as bar graphs for myc+ bipolar spindles in panel (B) and for myc— in
panel (C). Data were analyzed by Student’s t-test. Dark bars: significant resistance (p < 0.05; >95% confidence). Gray bars: partial resistance (p < 0.1; >90% confidence). Open

bars: no resistance.

monastrol. However, if that were the case, this would have been
manifested in an increase in the percentage of bipolar spindles in
myc-negative cells in the total myc-negative population.
However, the percentage of myc-negative cells with bipolar
spindles in the presence of monastrol remained at very low
levels, equivalent to those obtained with either control cells or
with the cells not transfected with wild type Eg5 (Fig. 3B).
Furthermore, there was no correlation between the percentage
of mitotic cells with bipolar spindles in cells expressing Eg5
mutants (myc+ cells) exposed to monastrol with an increase in
the percentage of bipolar spindles in cells, in which there was no
detectable expression of Eg5 mutants (myc— cells) (suppl.
material Table 3).

3.3. Induction of resistance to STLC in cells following expression
of Eg5 point mutants

The same experimental protocol used in the monastrol study to
determined whether the Eg5 point mutants could confer resistance
to cells exposed to STLC, a chemically distinct inhibitor of Eg5 that
is also thought to bind to the same inhibitor binding pocket in the
motor domain as monastrol [29,33,34,38].

We examined mitotic cells following treatment with STLC
(5 M) during an 8 h period and determined that the majority of
untransfected control cells (WT myc—) and Eg5-WT cells (WT
myc+) had aberrant mitosis characterized by monoastral spindles
(Fig. 4A). Cells exhibiting either bipolar or monastral spindles
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Fig. 4. Resistance to STLC of HeLa cells expressing Eg5 point mutants. (A) Transfected cells were exposed to STLC (5 wM, for 8 h) before being fixed and stained for indirect
immunoflourescence microscopy. Expressed Eg5 was detected using an anti-myc monoclonal antibody (green); the spindle was stained with anti-TPX2 (red) and chromatin
with DAPI (blue). The presence of bipolar myc-positive and myc-negative bipolar and monoastral spindles were scored and the % of bipolar spindles over the total spindles of
each class were determined and plotted as bar graphs for myc+ bipolar spindles in panel (B), and for myc— in panel (C). Data were analyzed by Student’s t-test. Dark bars:
significant resistance (p < 0.05; >95% confidence). Gray bars: partial resistance (p < 0.1; >90% confidence). Open bars: no resistance.

(Fig. 4A) in the presence of STLC were then quantitated in cell
cultures expressing the different Eg5 point mutants. Statistically
significant resistance (>95% confidence) to STLC was observed in
transfected cell expressing Eg5 carrying the mutations R119A,
D130A, or L214A, whereas the mutation W127A or R221A
conferred only a moderate resistance (>90% confidence). Muta-
tions L132A, 1136A, V210A, Y211A and E215A did not confer any
resistance to STLC (Fig. 4B; suppl. Material Table 5). As was the case
for monastrol, there was no correlation between bipolar spindle
formation in cells expressing Eg5 mutants (myc+ cells) exposed to
STLC and bipolar spindle formation in cells in which there was no
detectable expression of Eg5 mutants (myc— cells) (Fig. 4C; suppl.
Material Table 6).

3.4. Induction of resistance to monastrol and STLC in U20S cells
following expression of Eg5 point mutants

We also addressed the question of whether resistance after
overexpression of Eg5 point mutants is limited to HeLa cells or can
be extended to other human tumor cell lines. For this purpose,
U20S cells were transfected with the two strongly resistant
mutants D130A and L214A (see Figs. 3 and 4). In preliminary
experiments, U20S cells were monastrol and STLC sensitive at the
concentrations used in our studies (data not shown). Expression of
D130A and L214A Eg5 mutants in U20S cells conferred strong
resistance to both drugs (Fig. 5). Cells expressing either of these
mutants in the presence of monastrol or STLC were able to form

normal bipolar spindles, whereas the spindles in cells expressing
wild type Eg5 exhibited the monoastral phenotype characteristic
of Eg5 inhibition (Fig. 5A). Quantitation of the myc-positive
spindles in the presence of monastrol showed that close to 69% of
the spindles were bipolar for both mutants. Similarly, in the
presence of STLC, 77% and 75% of the myc-positive spindles were
bipolar when D130A and L214A mutants of Eg5 were over-
expressed, respectively.

4. Discussion

The data presented here demonstrate that mutations in the
induced fit binding pocket of Eg5 can confer drug resistance in cells
to inhibitors that are known to bind to this pocket, such as
monastrol and STLC. We have to note that in our study the
definition of resistance is limited to the ability of cells to separate
the duplicated centrosomes during mitotic entry in the presence of
the inhibitors. The ability of the mutants to allow the formation of a
bipolar spindle in cells exposed to Eg5 inhibitors confirms for the
first time at the cellular level that indeed Eg5 is the sole target of
the two inhibitors in mitosis. Furthermore, as cells exhibited
resistance to two chemically distinct inhibitors on overexpression
of the same mutants, the data strongly suggest that development
of drug resistance in tumor cells treated with anti-Eg5 agents may
be a real prospect.

Monastrol and STLC have been characterized as Eg5 specific
inhibitors exhibiting antimitotic activity. However, as is the case
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Fig. 5. Resistance to monastrol and to STLC of U20S cells expressing Eg5 point mutants. (A) Representative images of mitotic cells expressing either WT or D130A or L214A myc-
tagged Eg5 exposed to either monastrol (100 M, for 8 h; upper panels) or to STLC (5 M, for 8 h; lower panels). Expressed Eg5 was detected by an anti-myc monoclonal antibody
(green), and spindles and chromatin were stained with anti-TPX2 (red) and DAPI (blue), respectively. (B) The presence of myc-positive bipolar and monoastral spindles were
scored and the % of myc-positive bipolar spindles over the total spindles counted were determined and plotted as bar graphs. Black bars: monastrol; Gray bars: STLC.

for any other inhibitor, the issue of drug-target specificity is a very Indeed, with in vitro biochemical studies both drugs proved to be
difficult problem to resolve. In the cases of monastrol and STLC, specific for Eg5 and did no inhibit a panel of other mitotic motor
their specificity for Eg5 was approached by testing the ability of the proteins. However, the list of the motor proteins tested was not
drugs to inhibit other kinesins that may be involved in mitosis. exhaustive because there are about 45 kinesins in the human
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genome and only about 12 have been tested so far. In addition, the
elucidation of the structure of the Eg5 inhibitor complexes showed
that all allosteric drugs tested so far bind to the motor domain in a
pocket formed by helix ac2/loop L5 and helix a3. The large loop L5
is unique to Eg5, because in all other members of the kinesin
superfamily this loop is considerably shorter. Despite these results
the issue of specificity for Eg5 drug binding in cells is still not
answered. Our report attempts to answer this question at the
cellular level. Our approach was to test the ability of point mutants
in the inhibitor binding pocket to confer resistance to either
monastrol or STLC when expressed in tumor derived cells. These
studies complemented previous biochemical in vitro studies that
showed that the same mutations resulted in Eg5 motor domains
exhibiting ATPase activities similar or close to that of wild type
when exposed to both drugs [34]. The cumulative in vitro
biochemical and cell-based results are presented in Table 1.

Overall the drug resistance observed by cell-based assays were
in agreement with the biochemical assays reported earlier.
Mutations in residues R119, D130, or L214 conferred significant
resistance to two chemically distinct inhibitors, monastrol and
STLC. The ability of the mutants to form a normal bipolar spindle in
the presence of either monastrol or STLC argues strongly that the
antimitotic function of both inhibitors is related to their binding to
Eg5 and that Eg5 is the sole protein target in cells in mitosis. The
fact that resistance observed with multiple single point mutations
suggests that there is not a single amino acid in the pocket that is
essential for drug mediated inhibition of Eg5, but rather, there are
many different residues within the induced fit pocket of Eg5 that
are equally important for drug binding. Indeed, there may be
additional residues not tested, that could also prove important for
binding and/or for the allosteric inhibition of Eg5.

R119 is located in the entrance of the binding pocket and its side
chain undergoes a major shift in order to accommodate binding of
monastrol. In agreement with the observed resistance in cells
imposed by R119A, earlier biochemical assays have shown that the
R119A mutation changes STLC from a tight-binding inhibitor to a
conventional inhibitor with lower affinity for Eg5. Similarly, the
D130A mutation abolished monastrol binding and decreased the
affinity constant for STLC. Furthermore L214, which conferred the
highest resistance in cells, was previously identified as a key residue
for both the inhibition by monastrol and STLC [34]. In the crystal
structure of the complex the side chains of D130 and L214 point
towards monastrol and L214 undergoes a shift in order to
accommodate monastrol binding in the binding pocket. The
observed differences in the drug resistance imposed by the [136A
mutant (located in the core of the binding pocket) in cell-based
assays were also observed in the binding assays in vitro. 1136A
diminished monastrol binding but had no impact on STLC binding.

Table 1

The observed resistance in cells conferred by L132A and E215
were two notable differences between cell-based and in vitro
biochemical assays. L132 and E215 are located in loop L5 and helix
a3, respectively and exposed to the solvent and were not effective
to alter monastrol or STLC binding to Eg5 in vitro. Both mutants
were shown previously not to alter the inhibitory activities of
either monastrol or STLC and in cells did not confer any resistance
to STLC. However, when expressed in cells, L132A and E215A
conferred resistance to monastrol. One possible explanation for
this discrepancy may be that these two residues in the cellular
context may be in a different conformation possibly through
interaction with a yet unidentified binding protein that may
change the overall conformation of the binding pocket making it
less accommodating for monastrol.

Although W127 undergoes a shift of 9 A upon inhibitor binding
and is an important component of the binding pocket, its
substitution by Ala conferred only partial resistance both in
cell-based assays for both monastrol and STLC as well as in
biochemical assays in vitro.

The partial resistance in cells to monastrol by the V210A mutant
may be explained by the in vitro observations that monastrol is still
able to bind to the V210 mutant although the mutation increased
the ICso value and the inhibitor constant. Even though V210 does
not interact directly with monastrol it may contribute to the
overall rigidity of the binding pocket. Furthermore, the partial
resistance or lack of resistance to monastrol and STLC conferred in
cells by R221A mutant may be explained by the fact that the R221
residue is located deep in the binding pocket.

Another interesting outcome of the results presented here is
that certain mutants of Eg5 can confer significant resistance to
either monastrol (R119A, D130A, L132A, 1136A, L214A and
E215A) or STLC (R119A, D130A and L214A) when expressed in
cells in the presence of endogenous Eg5, which is drug sensitive.
Eg5 from different species have been shown to function as
tetramers [2,39,40] and thus under our experimental conditions
Eg5 should be a promiscuous homotetramer composed of
endogenous drug sensitive Eg5 and ectopically expressed drug
resistant Eg5. If this is the case, then the observed resistance to
either monastrol or STLC raises questions concerning the mode of
displacement/processivity of Eg5 along microtubules. Indeed,
based on recent in vitro motility studies of an artificial kinesin-1-
Eg5 heterodimer it was proposed that Eg5 may work in a
predominantly nonprocessive manner and that there might be
very little motor head-head coordination in the Eg5 tetramer
[41]. According to this model an Eg5 tetramer composed of drug
sensitive and drug resistant Eg5 motor heads will be able to
produce productive forces even in the presence of inhibitors, as
we report here.

Summary showing the fold difference in the ICsqo values for the inhibition of the basal and microtubule stimulated ATPase activities and purified human Eg5 motor domain
carrying point mutations (taken from Brier et al. 2006) and the observed resistance in cells following expression of the same point mutations of full-length Eg5 in cells.

Mutant Monastrol STLC

In vitro ICso (M) In cells In vitro Ki®*? (uM) In cells

Basal +MTs Basal +MTs
R119A NI NI R PI 18 R
W127A PI PI PR 15.6 19 PR
D130A NI NI R 194 30 R
L132A 1.45 1.18 R 0.9 0.8 S
1136A PI NI R 0.9 2.8 S
V210A NI 8.8 PR 4.3 9.6 S
Y211A NI PI S PI 20 S
L214A NI NI R NI NI R
E215A 1.1 1.18 R 0.5 1 S
R221A 3.1 24 PR 35 5.6 PR
Wild type 1 1 S 1 1 S

NI: Not inhibited; PI: partially inhibited; R: significantly resistant; PR: partially resistant; S: drug sensitive.
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Drug resistance is a major problem encountered in cancer
chemotherapy and can arise by many different mechanisms.
Tumor cells for example can develop resistance to antimitotic
inhibitors that target tubulin such as taxanes and vinca alkaloids
[42] through mutations in the drug binding site (i.e. 8 tubulin)
[43,44] or by overexpression of the drug efflux pump, P-
glycoprotein [45]. The ability to confer drug resistance by
introducing mutations in the induced fit binding pocket of Eg5
raises the possibility that such mutations may be encountered in
tumors during chemotherapy if Eg5 inhibitors were to enter the
clinic. In support of our results it has been reported that Ispinesib-
resistant cancerous cells were found to harbor a D130V substitu-
tion located in loop L5 of Eg5 [46]. Our data reported here have
validated residue D130 as a key residue in monastrol and STLC
resistance in cells. New Eg5 inhibitors are appearing rapidly and
therefore the development of well defined drug resistant cell lines
would be a useful tool in testing their efficacy, alone or in
combination with other inhibitors in order to circumvent drug
resistance in the clinic.
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