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ABSTRACT. Human Eg5, a mitotic motor of the kinesin superfamily, is involved in the formation and
maintenance of the mitotic spindle. The recent discovery of small molecules that inhibit HSEg5 by binding
to its catalytic motor domain leading to mitotic arrest has attracted more interest in Eg5 as a potential
anticancer drug target. We have used hydreggguterium exchange mass spectrometry and directed
mutagenesis to identify the secondary structure elements that form the binding sites of new Eg5 inhibitors,
in particular forS-trityl-L-cysteine, a potent inhibitor of Eg5 activity vitro and in cell-based assays.

The binding of this inhibitor modifies the deuterium incorporation rate of eight peptides that define two
areas within the motor domain: Tyr12%&lul45 and lle202 Leu227. Replacement of the Tyr12&lu145

region with the equivalent region in tHéeurospora crassaonventional kinesin heavy chain prevents

the inhibition of the Eg5 ATPase activity I§trityl-L-cysteine. We show here th&trityl- L-cysteine and
monastrol both bind to the same region on Eg5 by induced fit in a pocket formed byot3etistrands5s

and loop L5-helix a2, and both inhibitors trigger similar local conformational changes within the interaction
site. It is likely thatStrityl-L-cysteine and monastrol inhibit HSEg5 by a similar mechanism. The common
inhibitor binding region appears to represent a “hot spot” for HsEg5 that could be exploited for further
inhibitor screening.

The mitotic spindle plays a crucial role in cell division The BimC members of the kinesin superfamily are
and is thus an important target in cancer chemotherapy.involved in mitotic spindle dynamics in a wide variety of
Antimitotic tubulin agents, such as the vinca alkaloids and organisms 4, 5). The human member of this subfamily
the taxanes, interfere with the polymerizatiashepolymer- (called Eg5 throughout the text) is essential for the formation
ization process of microtubules leading to cell cycle arrest of the bipolar spindlén vivo. Eg5 is required for centrosome
in mitosis (). However, these microtubule poisons display separation during prophase/prometaph&seThe localiza-
several undesirable side effects, such as neurotoxicity, duetion of Eg5 during the cell cycle is complex and depends on
to the disruption of tubulin function in nondividing cellg)( the phosphorylation state of a short 40-amino acid stretch
In addition, resistance to the current tubulin-binding drugs in the tail domain termed the BimC bo%,(7). This box is
during prolonged treatments has also been repor8d ( highly conserved within the BimC family and contains a
Consequently, there is clearly a need to explore alternative potential p34°2 phosphorylation site§). The inhibition of
approaches to achieve mitotic spindle inhibition. Although Eg5 function by microinjection of antibodies against the
several strategies have been proposed for the development-terminal tail domain blocks centrosome migration and
of less toxic tubulin poisons, an interesting alternative is to causes Hela cells to arrest in mitosis with a characteristic
target proteins that are directly involved in cell division such monoastral spindle comprised of a radial array of micro-
as the check point proteins or the mitotic kinesitis Mlany tubules surrounded by a ring of chromosoméy (This
of these proteins are very specialized and are only active atinhibition only occurs before the metaphase stage. Eg5 thus
specific phases of the cell cycle. We might thus expect that appears as a potential protein target for antimitotic dr@ys (
their inhibition will produce fewer side effects in nondividing  The first small molecule inhibitor of Eg5, named monastrol,
cells than the current tubulin drugs have produced. was identified using a phenotype-based scraéh [his cell

permeable compound blocks mitosisXenopus laeis by
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A Monastrol growth inhibition activity @8) previously identified in our
OH laboratory to inhibit Eg549). This compound is~40 times
more effectivein witro and in cell-based assays than
monastrol and thus can be considered as a potential
anticancer agent.

EXPERIMENTAL PROCEDURES

HN o) Me Materials. Restriction enzymes were obtained from New
’ England Biolabs. The QuickChange Site Directed Mutagen-
esis Kit was from Stratagene. Competent XL-10 and BL21-

S N Me (DE3) pLysS cells were obtained from Novagen. The
HighTrap chromatographic column was purchased from
B S-trityl-L-cysteine Amersham Pharmacia Biotech. TFA, PIPES, ATROD

lysozyme, pepsin, and kanamycin were all obtained from
Sigma-Aldrich. IPTG was purchased from ICN. Acetonitrile

HO (CHSCN) was obtained from SDS. Racemic monastrol was
purchased from BIOMOL Feinchemikalien. Chemicals for

Eg5 ATPase assays were from sources indicated by Hackney
HoN S and Jiang 30).

Pepsin DigestionsAll protein digestions were performed
in an ice bath at 0C. A pepsin solution (2.kg/uL) was
prepared in 0.1 M PO, (pH 1.6) and precooled to ©C
using an ice bath. Eg5 constructs were digested for 2 min at
pH 2.2 in 1 mM PIPES buffer with a protease/substrate ratio
Ficure 1: Chemical structures of the Eg5 inhibitors (A) monastrol of 1/1 (w/w). . .
and (B) Strityl-L-cysteine. Sequence AssignmeniBhe peptide fragments of non-
deuterated Eg5 constructs were separated on a reverse phase
appears to have a broad spectrum activity against murineC18 Interchrom column (1 mm 100 mm) by using a linear
and human solid tumor models. gradient from 5 to 60% CCN/H,O (9/1, v/v) with 0.03%
Here we use hydrogerdeuterium (H/D) exchange ex- TFA (so_lvent_ B) over a _run_time of 60 min at a flow_ rate of
periments associated with protein digestion and mass Sloe(;_5(_)/,1L/m|n. Prior to the injection, the column was equilibrated
trometry (L6, 17) and directed mutagenesis for the identifi- With 95% solvent A (water with 0.03% TFA) and 5% solvent
cation of the binding region of different inhibitors targeting B for 20 min. Peptide assignments were performed by direct
Eg5. The rate at which hydrogens located at peptide amideMS—MS analysis. o
linkages undergo isotopic exchange is highly dependent on Preparation of EgS-Inhibitor ComplexesBoth monastrol
their environment and depends on whether the hydrogens&nd Strityl-L-cysteine solutions (50 mM in DMSO) were
are participating in intramolecular hydrogen bonding as well diluted in 1 mM PIPES buffer (pH 7.3). The protein
as on the extent to which the hydrogens are shielded frominhibitor complexes were formed by using three different
the solvent {8). In addition, the binding of ligands to a E95/|n'h|b|tor molar ratios (1/4, 1/13, and 1/20). The mixtures
protein may also affect amide hydrogen exchang®).( were mcubated_ for 1 min at room temperature to allow
Therefore, analysis of the H/D exchange rate represents g&c0mplex formation. _
sensitive tool for studying protein structure and dynamics  Kinetics of H/D Exchangeegs constructs (244 pmol) with
as well as protein surfaces involved in inhibitor binding. H/D  ©F Without inhibitor were diluted 25-fold in 1 mM deuterated
exchange in association with mass spectrometry has beerf’!PES buffer (pD 7.3) and incubated for several minutes at
extensively used to characterize the tertiary structure of O °C. Isotopic back-exchange was quenched by addition of

proteins (7, 20-22) and conformational changes upon & precooled_O.l M BPQO, solution (pH 1.6) to decrease the
ligand binding 3—26). pD of the mixture from 7.3 to 2.2. Samples were loaded on

a C4 Protein MacroTrap cartridge (Michrom) and desalted
with H,O supplemented with 0.1% TFA. To limit isotopic
back-exchange during the analysis, the column was precooled
and maintained at €C in an ice bath. Proteins were eluted
with 60% CHCN/HO (9/1, viv) with 0.1% TFA and
analyzed by ESI-MS.

- The percentage of incorporated deuterium (%D) was
Abbreviations: ACES, N-(2-acetamido)-2-aminoethanesulfonic lcul in 1

acid; DMSO, dimethyl sulfoxide; EDTA, ethylenediaminetetraacetic calculated by using eq

acid; EGTA, ethylene glycol bigtaminoethyl etherN,N,N',N'-tetra-

We first validated our approach using the Eg5 inhibitor
monastrol (Figure 1A), whose binding site has been recently
identified by X-ray crystallography2(). Then we applied
this approach to study the binding &trityl-L-cysteine
(Figure 1B), a potent inhibitor with antimitotic and tumoral

acetic acid; H/D, hydrogendeuterium; IPTG, isopropyB-p-thio- %D = [(mMyo, — M)/(Mygqe, — M)] x 100 ()
galactopyranoside; ESI, electrospray ionizationMS, liquid chro-
matography-mass spectrometry; MS, mass spectrometry;—Wes, wherem, myy,, and Mooy represent the average molecular

tandem mass spectrometry; PIPES, piperakifé-bis(2-ethanesulfonic ; ; ;
acid): PMSF, phenylmethanesulfonyl fluoride: SPBAGE, sodium mass of the protein obtained by analysis of nondeuterated,

dodecyl sulfate-polyacrylamide gel electrophoresis; TFA, trifluoro- partially deuterated,_and fully deUterate_d sam_ples, respec-
acetic acid. tively. migoo, Was estimated from the amino acid sequence
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of the protein (number of exchangeable peptide amide GAG GAT CCC-3 and 3-GGG ATC CTC TTC CCA CGT
hydrogens except proline residues). For Eg5 constructs, theGTA CTC TTC ATT-3. The following were used for the
maximum number of exchangeable amide hydrogens wasBsBI restriction site (position 5500):'82CA CGT ACC
calculated to be 380. CTT CAT CAA ATT TTC GAA AAA CTT ACT GAT-3’

H/D Exchange Experiments of Peptide Fragmeig5 and 3-ATC AGT AAG TTT TTC GAA AAT TTG ATG
constructs (290 pmol) in the presence or absence of inhibitor AAG GGT ACG TGG-3. The PCR was performed on the
were diluted 50-fold in deuterated buffer [1 mM PIPES (pD entire expression plasmid to produce daughter plasmids with
7.3)]. Deuteration was performed at°@ for 5 min to the desired mutation, and the parental template was digested
exchange all accessible amide hydrogens of the protein withwith Dpnl. After transformation into competent XL-10 cells,
deuterium. Isotopic back-exchange was quenched by thethe resulting clones were tested on an agarose gel for the
addition of 6uL of a precooled pepsin solution (pH 1.6). presence oPmll and BsBI restriction sites.

After pepsin digestion, deuterated peptide fragments were The two new restriction sites inserted into pEghs
rapidly concentrated and desalted on a C4 Peptide MacroTrapdelimit the main domain to be modified within the Eg5 motor
cartridge (Michrom) at a flow rate of 3Qd/min. Deuterated ~ domain. This domain was replaced by the equivalent nucleic
peptides were separated on a reverse phase C18 Interchroracid sequences encoding residues-1021 of Neurospora
column (1 mmx 100 mm) by using a linear gradient from crassaconventional kinesin by restricting the expression
5 to 100% CHCN/H,O (9/1, vi/v) with 0.03% TFA over a  plasmid withPmll and BsBIl and inserting the following
run time of 35 min at a flow rate of 5QL/min. To limit forward and reverse primers:-6 ATA GAT GAC CCT
isotopic back-exchanges, the column was precooled in anGAT GGC AGA GGT GTT ATT CCA AGA ATC GTC

ice bath and maintained at . The deuterated peptides GAG CAA ATC TT-3 and 3-C GAAGAT TTG CTC GAC
were analyzed by ESI-MS. GAT TCT TGG AAT AAC ACC TCT GCC ATC AGG

ESI-MS and ESI-MSMS Analysis.Kinetics of H/D GTC ATC TAT C-3. After ligation and transformation, the
exchange were determined on an APHliriple-quadripole resulting clones were tested for the presence of the expected
mass spectrometer equipped with an ionspray source (PEnsert using thémll restriction enzyme. ThEmll restriction
Sciex). The electrospray probe tip was held at 5 kV, and the site is lost by insertion of théN. crassasequence. The
declustering voltage was set at 80 V. Data were processedcorrectness of the cloning strategy was confirmed by DNA
using Masspec 3.3 software, and the reconstructed moleculasequencing.
mass profiles were obtained by using a deconvolution Expression and Purification of Recombinant Eg5 and Eg5-
algorithm from them/z mass spectrum containing multiple  Nc ConstructsEg5 was expressed and purified as described
charge states. recently (L3). The pEg5 expression construct containing the

Sequence assignment and H/D exchange experiments oiN. crassekinesin heavy chain insertion (named Eg5-Nc) was
peptide fragments were performed on an ESQUIRE 3000 transformed into competent BL21(DE3) pLyEScherichia
quadripole ion trap mass spectrometer (Bruker Daltonics) coli host cells for protein expression. Cells were grown
equipped with an ionspray source. MS and-M8S experi- overnight at 37°C in a 500 mL flask supplemented with
ments were carried out with a capillary voltage set at 4 kV kanamycin (50ug/mL); 150 mL was transferred into 3 L
and an end plate offset voltage at 500 V. The gas nebulizerof 2xYT medium containing 5:g/mL kanamycin, and
(N) pressure was set at 10 psi and the dry gas floy) &Y cells were grown at 37C until an OQy between 1.0 and
8 L/min at a temperature of 250C. Mass spectra were 1.3 was reached. Recombinant Eg5 protein expression
analyzed using DataAnalysis 3.0 and Biotools 2.1. was induced by adding 0.5 mM IPTG to the cell culture.

Mass spectra of Eg5 proteins were obtained on a Q-TOF Cells were grown at room temperature for -2 h,
Micro mass spectrometer (Waters) equipped with a Z-spray harvested by centrifugation, frozen in liquid nitrogen, and
ion source operating with a needle voltage of 3 kV. Sample stored at—80 °C.

Cone and Extraction Cone voltages were 30 and 4 V, The following steps were performed at°€. The cells
respectively. Prior to analysis, samples were desalted on awere resuspended in 60 mL of buffer A [20 mM PIPES (pH
C4 Protein MacroTrap cartridge (Michrom) with ,@ 7.3), 200 mM NaCl, 1 mM MgGl and 1 mM EGTA]
supplemented with 0.1% TFA. Proteins were eluted with supplemented with 1 mM PMSF and 1 mg/mL lysozyme.
60% CHCN/HO (9/1, v/v) with 0.1% TFA and collected. ~ The resuspended cells were incubated for 40 min and
Samples were then infused continuously at a flow rate of 7 disrupted by three rapid freezing and defreezing cycles using
uL/min, and the mass spectra were recorded in the range ofliquid nitrogen. The solution was then incubated with 7 mM
m/z 500—2000. Spectra were acquired and processed with MgCl,, 0.5 mM ATP, and 4Q:L of DNase | (20 mg/mL)

MassLynx 4.0. for 30 min and centrifuged for 40 min at 18 000 rpm and 4
Cloning of the Eg5 MutantThe construction of Egs  °C (Beckmann JA20 rotor). )
expression plasmid pEg5ss used for mutagenesis experi- Purification was performed on ankKAA FPLC system

ments (encoding residues-386 of the motor domain and  equipped with a Frac-950 collector system (Amersham
named Eg5) has been described receritB).(Two unique Bioscience). The supernatant was loadedants mL Ni-
restriction sites®Pmll and BsBl) were introduced by silent  charged HiTrap column previously equilibrated with buffer
mutagenesis upstream and downstream of the pEg5  A. Bound Eg5 protein was eluted by using a step gradient
plasmid in the region encoding the potential monastrol of imidazole at a flow rate of 1 mL/min. Fractions (1 mL)
binding sites identified by H/D exchange and mass spec- were collected. Column fractions containing the recombinant
trometry using DNA Strider31). The following forward and  protein were analyzed by SB®AGE, N-terminal sequenc-
reverse primers were used for th&mll restriction site ing, and mass spectrometry. The protein concentration of
(position 5445): 5AAT GAA GAG TAC ACG TGG GAA each fraction was estimated using the Bradford reagt (
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FiGURe 2: Deuterium incorporation time courses for the Eg5 motor domain aleheaurid in the presence of either a 4-fold molar excess
of monastrol [O) or Strityl-L-cysteine A). These experiments were carried out in 1 mM deuterated PIPES (pD 7.3). Eg5 and Eg5

inhibitor complexes were incubated for several minutes &€0lsotopic back-exchange was quenched by decreasing the pD of each
sample from 7.3 to 2.2.

The most concentrated fractions were aliquoted, frozen inincorporated reaches a value of62%. A comparable
liquid nitrogen, and stored at80 °C. percentage was obtained after deuteration for 120 min (data
Measurement of Basal ATPase Steady-State Kingtlts.  not shown), suggesting that most accessible amide hydrogens
experiments were performed at room temperature. Basallocated on the surface of the Eg5 motor domain were
ATPase activities were measured using the pyruvate kinasefexchanged during the first 5 min.
lactate dehydrogenase coupled assay in buffer A25A [25 mM  The presence of monastrol reduces the deuterium incor-
ACES/KOH (pH 6.9), 2 mM magnesium acetate, 2 mM poration rate of the Eg5 motor domain (Figure 2). After 5
potassium EGTA, 0.1 mM potassium EDTA, and 1 mM min, the extent of deuterium incorporation is 45%. Interest-
B-mercaptoethanol]30). The protein concentrations were ingly, a similar result was observed f&trityl-L-cysteine
2.6 uM for Eg5 and 3.2uM for Eg5-Nc. Activity was with a level of deuterium incorporation of 44%. As shown
measured in the presence of various amounts of NaCl (upin Figure 2, the kinetic curves obtained in the presence of
to 800 mM) or in the presence of monastrol Strityl-L- the two inhibitors can be superimposed. Binding of these
cysteine. For optimal inhibitor solubility, the assays were inhibitors reduces the amount of incorporation of deuterium
carried out in the presence of up to 2.2% DMSO. The data into the Eg5 motor domain by-8%, corresponding to a
were analyzed using Kaleidagraph 3.0 (Synergy Software). solvent accessibility reduction of30 backbone amide
hydrogens. This decrease obtained after deuteration for 5 min
RESULTS was estimated to be sufficient for monitoring the effects of
All H/D exchange experiments presented here were inhibitor binding on the deuterium exchange rate in peptide
initiated by diluting the Eg5 motor domain in 1 mM fragments.
deuterated PIPES buffer (pD 7.3). The protein was incubated Hydrogen-Deuterium Exchange Studies of Eg5 Peptide
in an ice bath, and the isotopic exchange reaction wasFragmentsThe peptides obtained after pepsin digestion of
quenched by decreasing the pD to 2.2. Samples were therthe Eg5 motor domain for 2 min were identified by £C
subjected to either MS analysis or pepsin digestion followed ESI-MS—MS. Pepsin was used to digest the protein because
by LC—MS analysis. On-line desalting as well as HPLC this protease is active under conditions required for slowing
separation of deuterated samples was carried out withamide hydrogen exchange (pH-3, 0 °C). Ninety-one
nondeuterated solvents so that all deuteriums located on theproteolytic fragments were assigned, leading to a sequence
side chains and on the N- and C-termini of proteins or coverage of the entire motor domain (Figure 3). The
peptides are completely back-exchanged to hydrogen sinceexperiment was repeated after deuteration for 5 min by-LC
the H/D exchange rates at these positions are several order&SI-MS to estimate the deuterium content of each peptide
of magnitude faster than those of peptide amide linkajés (  fragment identified and using HPLC conditions optimized
33). As a result, the observed increase in the molecular for speed to minimize isotopic back-exchange. Under these
weight of samples is due only to the incorporation of conditions, deuteration can lead to overlapping mass peaks
deuterium at peptide amide positions. for coeluting peptides. Furthermore, the signals for deuterated
Global Hydrogen-Deuterium Exchange Studieghe H/D peptides are in general lower than those of the corresponding
exchange behavior for the Eg5 motor domain alone and in nondeuterated peptides, due to nonhomogeneous deuteration
the presence of a 4-fold molar excess of monastrol or of which creates several species for a given peptide. As a result,
Strityl-L-cysteine is shown in Figure 2. After 5 min, the the signal for some deuterated peptides may be lower than
extent of deuterium incorporation in Eg5 1€52%, corre- the noise level. After analysis, 59 deuterated peptide frag-
sponding to an exchange 6f200 amide hydrogens of a ments were found, allowing 86% of the Eg5 motor domain
possible 380. Subsequently, the deuterium incorporation rateto be covered (Figure 3). The following fragments were not
is much slower. After 30 min, the percentage of deuterium recovered and are mainly located in the core region: residues
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i e Bla > U B"’l additional nonspecific binding to Eg5 occurs for these two
molecules.
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Characterization of Eg5 and Mutated Eg5-Nc Constructs.
The recombinant Eg5-Nc protein was used to confirm the
results obtained by H/D exchange in the presence of
inhibitors. The Tyr125Glul45 region of the Eg5 motor
domain was replaced with the equivalent region in khe

e > * > < crassaconventional kinesin heavy chain (NcKHC) (Figure
. . . 6). We chose NcKHC because this kinesin is not inhibited
Pl = { = 3 by monastrol and shares structural similarities with Bt (

140

IFAYGQTGTG  KTFTMEGERS PNEEYTWEED PLAGIIPRTL HOQIFEKLTDN 34). The modification of this region is expected to change
it the molecular mass of the Eg5 motor domain by 96 Da. The

b i — measured molecular masses of Eg5 and mutated Eg5-Nc
L6, B4 L L8 H_S’ LT proteins are 44 12& 2 and 44 030t 2 Da, respectively

(data not shown). The experimental mass difference is 98

161 170 180 190 200
GTEFSVEVSL LEIYNEELFD LLNPSSDVSE RLOMFDDPRN  KRGVIIKGLE . . .
- Da, very close to the theoretical value, confirming that the

_:’........ D Tyrl25-Glul45 region of the Eg5 protein was correctly
T - N o Y repla_ced. _ o _
g - 'T(E'.m—"_w This result was also confirmed after pepsin digestion for
EITVHNKDEV YQILEKGAARK RTTAATLMNA  YSSRSHSVFS  VTIHMKETTI 2 min at 0°C followed by LC-ESI-MS ana|ysisl The same
i A — ) peptide mapping was obtained for both Eg5 proteins. The
: i g only difference was found in the region modified within the
mm—.__ L1t q v ] mutated Eg5-Nc protein. Despite the inserted modification,
DGEELVKIGK LNLVDLAGSE NIGRSGAVDK RAREAGNING SLLTLGRVIT the length of this peptide (Tyr1285lu145 fragment) was
E — - P — not changed after pepsin digestion, allowing the molecular
— ) ’ — mass of the two peptide fragments to be compared. The
| s e as B8 as measured molecular masses of the Tyri@u145 fragment
—'m —2 were 2398.4 and 2302.4 Da for Eg5 and mutated Eg5-Nc

3o 320 o 3 ) 340 330
ALVERTPHVP YRESKLTRIL QDSLGGRTET SIIATISPAS LNLEETLSTL
> -

— .
-+ - - ————

proteins, respectively (data not shown). This 96 Da mass

i difference clearly indicates that the mutated Eg5-Nc protein
—t— contains the NcKHC insert.
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Basal ATPase Adtity. The basal ATPase activities of Eg5
and mutated Eg5-Nc proteins were compared to check the

) . . . activity of the mutated protein. The assays were carried out
Ficure 3: Protein sequence of the Eg5 motor domain showing : .
the 91 pepsin-cleaved fragments identified by+ESI-MS—MS. at various NaCl concentrations (up to 800 mM). The ATPase

Arrows below the sequence denote the position of each assigned@ctivity for both proteins increases with increasing amounts
proteolytic fragment. The 32 peptic fragments which were not of NaCl, up to 350 mM. At higher salt concentrations, the
rrows, and their cormosponding aming acd seduences are colored o cs 2ctvity decreases (Figure 7A). EgS-Nc shows an
arrows, an H F : H
red. Secondary structuPaI elergwents identifiedqby X-ray crystal- d\»Z—qud decrease in the ,lATPase activity with a maximum
lography 84) are shown above the sequence. velocity (Vmay of 0.055 s compared to a value of 0.087
s1 for Eg5. The basal ATPase activity was sufficiently
Asn18-Leu30 (31), residues Ser240Glu254 (36 and loop conserved to allow the effects of inhibitors on the mutated
10), and residues Thr3%1le333 (@5 and part of38). protein to be monitored.

H/D exchange was then studied in the presence of a 4-fold Measurement of the ATPase Aty in the Presence of
molar excess of monastrol &trityl-L-cysteine. Monastrol ~ Variable Amounts of InhibitorsThe 1G; values (median
binding reduces the extent of deuterium incorporation in eight inhibitory concentration) were determined by measuring the
peptide fragments from two regions within the Eg5 motor basal ATPase activity of both Eg5 and Eg5-Nc proteins in
domain: Tyrl25-Glul45 and lle202Leu227. The other 51  the presence of increasing monastrolSairityl-L-cysteine
peptide fragments show no difference in deuterium incor- concentrations. As illustrated in panels B and C Figure 7,
poration. Results obtained for peptide fragments Tyrd25 both monastrol andStrityl-L-cysteine inhibit the basal
Glul45 and lle202Leu227 are shown in the mass spectra ATPase activity of the Eg5 protein. The g values for
in Figure 4A. Structurally, the Tyr125Glul45 fragment  the inhibition of Eg5 by monastrol angtrityl-L-cysteine
includes part of loop L5 and helix2, and the lle202 are 9.1 and 1.QuM, respectively. In contrast, these two
Leu227 fragment covers strafié and helixa3 (Figure 5A). inhibitors have no effect on the mutated Eg5-Nc protein. The
Moreover, for the Eg5Strityl-L-cysteine complex, the basal ATPase activity remains unaffected by increasing
deuterium incorporation rate of the same two peptides is amounts of both inhibitors (Figure 7B,C), confirming that
modified, and it is notable that the variations observed in the Tyr125-Glul45 region is essential for binding both
the mass spectra are similar for both inhibitors (Figure 4A). monastrol andstrityl-L-cysteine.

The H/D exchange experiment on Eg5 peptide fragments Hydrogen/Deuterium Exchange Studies of Eg5-Nc Peptide
was also carried out in the presence of 13- and 20-fold molar FragmentsThe studies of H/D exchange on Eg5-Nc peptide

excesses of inhibitors (data not shown). The results werefragments were carried out in the presence of a 4-fold molar
the same as for a 4-fold molar excess, suggesting that noexcess of monastrol @&trityl-L-cysteine. After deuteration
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Ficure 4: Effect of binding of monastrol an&trityl-L-cysteine (STLC) on the deuterium level of the TyrtZ5lu145 and lle202

Leu227 peptide fragments of (A) Eg5 and (B) Eg5-Nc. The formation of both-ligBbitor complexes decreases the extent of deuterium
incorporation by changing the solvent accessibility. No variation of deuterium incorporation is observed within the mutated Eg5-Nc protein
in the presence of both inhibitors. Each mass spectrum compares the nondeuterated peptide frggmitbrthe peptide fragment without

the inhibitor (- - -), in the presence of monastrol and in the presen&tritlyl- L-cysteine after deuteration for 5 min, respectively.
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Ficure 6: Comparison of the deleted Eg5 sequence (Ty#125
Glul45) and the inserted NcKHC sequence. Replacement of the
Tyrl25-Glul45 region (21 residues) with the equivalent NcKHC
region modifies 11 amino acids in the mutated Eg5-Nc protein.
Highly similar, weakly similar, and identical amino acids are colored
green, blue, and red, respectively. Nonsimilar residues are colored
black.

As shown in Figure 4B, the deuterium incorporation is
unchanged within the modified Tyr12%5lul45 region of
Eg5-Nc in the presence or absence of both inhibitors. The
same result is obtained for the second identified potential
inhibitor binding region (lle202Leu227, Figure 4B) as well
as for the other 51 peptide fragments. Therefore, the presence
of the NcKHC sequence prevents the solvent accessibility
reduction induced by inhibitor binding within the Tyr125
Glul45 and 1le202Leu227 regions.

DISCUSSION

We have identified the binding regions of small inhibitors
targeting the human Eg5 motor domain using H/D exchange
in association with protein digestiefmass spectrometry
analysis 16, 17) and directed mutagenesis. We tested the
efficiency of our approach for determining the binding site
of new Eg5 inhibitors using monastrol, a small cell permeable
inhibitor of Eg5 activity, to compare our results with those
obtained by X-ray crystallography of the ternary monastrol
ADP—Eg5 complex 27).

Monastrol binding decreases the H/D exchange rate of the
Eg5 motor domain by~8% after deuteration for 5 min,
corresponding to a reduction in the solvent accessibility of
FicURe 5. Ribbon representations of the Eg5 motor domain ~30 backbone amide hydrogens. Because of the small size
showing the inhibitor binding regions identified with our approach Of monastrol (292 Da), the large overall decrease in the rate
(A) and the monastrol binding site obtained by the recent structure of H/D exchange observed here cannot be uniquely due to a
determination of the ternary monastr?ADP—Eg5 complex (B)  masking effect. A possible explanation is that the interaction

by Yanet al. (27). MgADP is represented as a ball-and-stick model : :
(yellow and black). (A) Regions identified by H/D experiments on of monastrol with Eg5 leads to conformational changes

peptic fragments in the presence of a 4-fold molar excess of within the protein._ Two regions with reduced incorporation
inhibitors. Binding of monastrol o&rityl-L-cysteine reduces the  rates after formation of the Egdnonastrol complex were
amount of deuterium incorporated into the same two regions. The identified using the protein digestietMS method. The first
first domain (colored blue) is composed of part of loop L5 and region covers part of loop L5 and helia2 (residues

helix a2 (Tyrl25-Glul45 peptic fragment); the second one L
(colored purple) comprises part of strgfiland helixa3 (lle202- Tyrl25-Glul4s), and the second region is composed of

Leu227 peptic fragment). (B) Monastrol binding site identified by Strand ﬁ5 _and helix a3 (residues IIeZOQLquZ?)_._ To
X-ray crystallography. Binding of monastrol occurs in an induced determine if the secondary structure elements identified were

fit pocket located between loop L5 and hel8. The residues involved in monastrol binding, the region corresponding to
involved in monastrol binding are colored green. Monastrol (colored yagidues Tyr125Glul45 was replaced with the equivalent
;ﬁgé;e:jeﬂﬁﬁgn\fgwﬁ_ﬁeggl_l'and's“Ck model. The figures were region from N. crgssacpnv_entional kinesin heavy c_hain
(NcKHC). NcKHC is not inhibited by monastrol 8) despite

and pepsin digestion, the same 59 peptide fragments thatbeing structurally similar to the human Eg5 motor domain.
were obtained for the Eg5 motor domain (Figure 3) were This implies that the small sequence differences in the
found by LC-ESI-MS, allowing us to cover 86% of the Eg5- conserved motor domain observed between NcKHC and
Nc sequence. The global fold of native and mutated Eg5 human Eg5 are sufficient to explain the specificity of
was compared by using H/D exchargdS analysis. After monastrol. TheN. crassaprotein sequence exchanged for
incubation for 5 min, the deuteration pattern of the Eg5-Nc the corresponding one in Eg5 is not expected to induce major
peptide fragments shows no significant difference compared changes in the structure of the mutated Eg5-Nc protein. The
to those of Eg5 fragments (data not shown). This means thatinserted NcKHC sequence modifies 11 residues, with five
the solvent accessibility is comparable for both proteins, being highly similar and only six different (Figure 6), and
indicating that theN. crassansert does not induce dramatic the deuteration patterns of the Eg5-Nc peptide fragments are
changes in the structure of the mutated Eg5-Nc protein.  similar to those obtained for the Eg5 fragments. The main
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Ficure 7: Measurement of the basal ATPase activity of Hgp &nd mutated Eg5-NcX) proteins. (A) Basal ATPase activity of Eg5 and
Eg5-Nc in the presence of increasing NaCl concentrations. The insbrt aassainduces an~2-fold decrease in ATPase activity with
Vmax Values of 0.087 and 0.055%for Eg5 and Eg5-Nc, respectively. (B and C) Inhibition of the basal ATPase activity of Eg5 and Eg5-Nc
motor domains. (B) Monastrol inhibits the basal ATPase activity of the Eg5 motor domain withs@walGe of 9.1uM; no inhibition is
observed with the mutated Eg5-Nc protein. (C) As for monastrol, formation of the-&¢ftyl-L-cysteine complex leads to the inhibition

of the basal ATPase activity with an4§value of 1.0uM. Again, no inhibition is observed for the mutated Eg5-Nc protein where the basal
ATPase activity remains constant with increasing amountStotyl-L-cysteine.

difference concerns loop L5. The length of this loop is Eg5 complex 27) (Figure 5). Binding of monastrol occurs
variable among kinesin family members, and this loop is in an induced fit pocket that is 12 A from the ATP binding
the longest in the human Eg5 motor domédg)(and should site of the protein. The inhibitor pocket is situated between
be slightly shorter in the Eg5-Nc protein. Despite this helix a3 and loop L5. The creation of this pocket required
modification, the basal ATPase activity of the mutated Eg5- local structural changes. The side chains of residues Arg119
Nc was only 2-fold lower than that measured for Eg5 (Figure (on helixa2), Trp127 (on loop L5), and Thr211 (on helix
7A). Monastrol does not inhibit the basal ATPase activity a3) are relocated to cap the entrance of the cavity and to
of mutated Eg5-Nc. The Tyrl25Glul45 region is thus  accommodate space for the inhibitor. As a result, heBx
directly implicated in monastrol binding. shifts along its axis (by 1 A), whereas helx remains
We conclude that monastrol binding mainly involves loop unaltered by the conformational modifications. The formation
L5 and helixa2 and that stran@5 and helixa3 should also of this inhibitor pocket explains in part the8% solvent
be implicated. We are currently modifying the second region accessibility reduction which occurs when monastrol binds
of the human Eg5 motor domain, but the results of the secondon the two regions identified by H/D exchange and muta-
mutation are not necessary for the conclusions presented herdional analysis (Figure 5A). There are 20 residues lining the
The results described above were compared to the recentlymonastrol pocket and surrounding the inhibitor for which
published crystal structure of the ternary monast/iDP— the solvent accessibility may be altered in the ternary
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A Peptide Met228-Phe239 B Peptide Leu293-Tyr300 C  Peptide Tyr352-Glu377
(switch 1) (switch 2) (neck linker)
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Ficure 8: Effect of monastrol binding on the deuterium level of three peptide fragments: (A) MeE2&39 fragment (switch 1 region),
(B) Ser264-Leu292 fragment (containing the switch 2 region), and (C) Tyr38u377 fragment (neck linker). Each mass spectrum
compares the nondeuterated peptide fragmehtwith the peptide fragment without the inhibitor, in the presence of monastrol and in the
presence oftrityl-L-cysteine after deuteration for 5 min, respectively.

complex due to both ligand protection and conformational binds to the same region in human Eg5 as monastrol. This
changes (Figure 5B). In addition, Yan and colleagi®8 (  raises the question of how these molecules inhibit Eg5
have shown that monastrol triggers distal structural changesATPase activity. We know that monastrol inhibits ADP
throughout the Eg5 motor domain. These rearrangements takeelease by forming a ternary compled®( 13), and residues
place within switch 1 (Asn229Arg234), within switch 2 Trp127, Asp130, Leul32, and Alal33 seem to play a major
(Asp265-Glu270), and in the neck linker regions (Asn358  role since the basal Eg5 ATPase activity is no longer
Pro363). Switch 1 is found at the end of hadi® and consists  inhibited when we mutate these four amino acid residues in
of aloop in Eg5 85). This loop becomes a short helix upon our Eg5construct to lle, Pro, Gly, and Arg, respectively
monastrol binding, leading to a shift of switch 1 o6 A. (Figure 6). It seems likely that replacing residue Trp127 with
This modification was not identified with our method, lle prevents the formation of the induced fit pocket and thus
although a change in the secondary structure of switch 1the relocation of the side chains of Arg119 (on haliR)
should result in modification of the H/D exchange rate. The and Tyr211 (on helixt3) which are known to accommodate
peptide fragment corresponding to switch 1 does not exhibit space for the inhibitor. Hence, the local and distal structural
differences in the extent of deuterium incorporation after changes throughout the motor domain do not occur, nor does
monastrol binding (Figure 8A). Similar results were obtained formation of the ternary complex since no variation of
for switch 2 (Figure 8B). The deuteration time used (5 min) deuterium incorporation is observed within the mutated Eg5-
was sufficient to allow complete isotopic exchange within Nc protein in the presence of both inhibitors (Figure 4B).
these two regions in the presence or absence of monastrol. The approach described here can thus be used to probe
The other conformational changes concern the neck linker.rapidly the interaction between other small molecules and
The structural changes triggered in this region upon mon- Eg5. The combination of H/D exchange experiments with
astrol binding are difficult to estimate with our method due mass spectrometry and directed mutagenesis allows the
to nonhomogeneous deuteration of the Tyr3&u377 regions within the protein involved in ligand binding and/or
peptide (Figure 8C). conformational changes to be pinpointed. This method will
With regard to monastrol, the formation of the E¢gS be useful for the rapid identification of other Eg5 inhibitor
trityl-L-cysteine complex induces an8% decrease in the  binding regions prior to X-ray structure determination, since
deuteration rate after incubation for 5 min. Because of the once the peptide mapping is in hand, the identification of
size of this molecule (363 Da), the observed overall variation the interacting site for other Eg5 inhibitors only take4
can only be due to both a masking effect and conformational week. However, one should always keep in mind that it is
changes within the motor domain. InterestingByrityl-L- likely that ligand binding induces local conformational
cysteine modifies the same two regions implicated in changes within the interaction site and major long distance
monastrol binding. This result is surprising because thesechanges to other sites throughout the prot&6).(In this
two inhibitors vary considerably in their structure (Figure case, the discrimination between the masking effect and the
1). In addition, the decrease in the extent of deuterium conformational changes is difficult especially when the ligand
incorporation observed in the Tyr12&lul45 and lle202 is small. For the Eg5 motor domain, binding of both
Leu227 regions is similar for both inhibitors. This means inhibitors triggers major structural changes within the
that the solvent accessibility reduction concerns the sameinteraction site. As a result, the variation of the monitored
number of amide peptide linkages. IncubatiorSdfityl-L- H/D exchange rate corresponds to both a masking effect and
cysteine with the mutated Eg5-Nc does not affect the basal conformational changes.
ATPase activity, whereas a strong inhibition is observed with  The recent studies of the Eg5 mMRNA expression pattern
Eg5. The Tyr125Glul45 region is thus directly involved in normal human tissues by Sakowiet al. (15) have
in Strityl-L-cysteine binding since no inhibition occurs when demonstrated the interest in targeting this mitotic kinesin for
this domain is modified. We conclude tHatrityl-L-cysteine the discovery of novel antimitotic cancer drugs. Eg5 appears
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Gonzalez de Peredo, A., Saint-Pierre, C., Latour, J. M., Michaud-

to be most abundant in proliferating tissues and absent in 12.
postmitotic human central nervous system neurons. These
results, taken together, suggest that the inhibition of the Eg5 |5
function will only occur in proliferating cells (including
cancerous cells). We showed here thtityl- L-cysteine and
monastrol bind to the same region on HsEg5 by induced fit

in a pocket formed by helix3—strand$5 and loop L5~ 1
helix o2. Both inhibitors trigger local conformational changes
within the interaction site, and it seems likely that they share
a similar mechanism for inhibition of EgRATPase activity.

S Trityl-L-cysteine is~40 times more effectiven vitro and

in cell-based assays than monastrol and is able to induce
mitotic arrest in HeLa cells without any visible effect on
interphase cells29). In conclusion Strityl-L-cysteine leads

to tumor growth inhibition as shown, for example, in the
NCI 60 tumor cell line screen (g = 1.3 uM), and the
identification of the binding region on Eg5 is a first step in
understanding its mechanism of action.
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