15644 Biochemistry2006,45, 15644-15653

The Marine Natural Product Adociasulfate-2 as a Tool To Identify the MT-Binding
Region of Kinesins

Sebastien Brier,* 3!l Euganie Carletti®# Salvatore DeBoniS,Elisabeth Hewat, David Lemairet© and
Frank Kozielskit-

Laboratoire de Spectrofige de Masse des Pratees (LSMP), Laboratoire des Moteurs Molgaires (LMM), and Laboratoire
de Microscopie Electronique Structurale (LMES), Institut de Biologie Structurale (CEA-CNRS-UJF), 41, rue Jules Horowitz,
38027 Grenoble Cedex 1, France

Receied July 11, 2006; Résed Manuscript Receéd September 30, 2006

ABSTRACT. Kinesins are molecular motors that transport cargo along microtubules (MTs). To move forward
the motor must attach to the MT in a defined orientation and detach from it in a process that is driven by
ATP hydrolysis. The knowledge of the moteMT interface is essential for a detailed understanding of
how kinesins move along MTs and how they are related to other molecular motors such as myosins or
dyneins. We have used the marine natural product adociasulfate-2 (AS-2), previously identified as a MT-
competitive inhibitor of conventional kinesin, to infer the secondary structure elements forming the MT
interface of two human mitotic kinesins, hamely, CENP-E and Eg5. AS-2 inhibits both basal and MT-
stimulated ATPase activities of CENP-E ¢4®f 8.6 and 1.3:M, respectively) and Eg5 (I£ of 3.5 and

5.3 uM, respectively) and is a MT-competitive inhibitor of CENP-E witlKaof 0.35uM. Binding of

AS-2 to CENP-E also stimulates the ADP release from the nucleotide-binding pocket. AS-2 is a nonspecific
kinesin inhibitor targeting several superfamily members including KHC, MPP1, MKLP1, RabK6, KIFC1,
KIFC3, CENP-E, and Eg5. By measuring hydrogen/deuterium exchange with mass spectrometry we have
shown that the formation of the CENP-E/AS-2 complex decreases the solvent accessibility of three
neighboring peptides on the same face of CENP-E. We deduce that this is the site of MT attachment and
conclude that loop L11, helig4, loop L12, helixa5, loop L8, and stran@5 constitute the main MT
interface of the CENP-E motor domain. Similarly for EQ5/AS-2, a region of increased solvent accessibility
locates the MT interface of Eg5.

Molecular motors of the kinesin superfamily play impor- which peptide amide hydrogens undergo isotopic exchange
tant roles in intracellular transport and at several stages ofis highly dependent on their environment, their solvent
the cell cycle {). They bind to and move along microtubules accessibility, and their participation in intramolecular hy-
(MTs?) driven by ATP hydrolysis. The function of these drogen bonding Z—4). Consequently, the formation of
proteins is therefore directly related to their capacity to protein complexes can influence the rate of exchange by
interact with MTs. A full understanding of the mechanism excluding solvent from the binding interface. Conformational
of kinesin movement requires the identification of the motor changes may also occur upon complex formation leading to
domain regions involved in MT binding. One technique used a modification of the exchange rate not only at the binding
to probe proteir-protein interfaces is hydrogetteuterium interface but also at locations distal to the binding interface
exchange and mass spectrometry (HMAS). The rate at  (5).
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However with an increase in the size of the protein complex  Preparation of AS-2 Solution&S-2 was kindly provided
the MS analysis becomes more complex due to the largeby Dr. Lawrence S.B. Goldstein, Howard Hughes Medicinal
number of peptide fragments that are generated after pro-Institute, University of California, San Diego, La Jolla, and
teolytic digestion. In order to minimize isotopic back Dr. Timothy M. Dore, University of Georgia, Athens,
exchange, the HPLC system must be maintained°&t &nd Georgia 30602-2556. Lyophilized AS-2 (0.9 mg) was dis-
the gradient optimized for speed. The “poor” chromato- solved in 100% DMSO to a final concentration of 10 mM.
graphic separation in some cases leads to overlapping mas3en-fold and 100-fold dilutions in DMSO were prepared
peaks for coeluting peptides and hinders successful datafrom the stock solution and stored-af0 °C. AS-2 solutions
interpretation. As a result, it is sometimes necessary to stored at room temperature tended to lose their inhibitory
separate the different binding partners of deuterated com-activity and were kept on ice during the experiments.
plexes prior to protease digestion and+MS analysis. For Overexpression and Purification of CENP-E and Eg5
example to identify directly the MT-binding region of Constructs.Motor domains of CENP-E34; (residues 2 to
kinesins by H/D-MS, MTs would have to be removed just 341) and Egbh sss (residues 2 to 386) were expressed and
after the deuteration step to avoid the generation of a largepurified as described previoush2@, 21). Proteins were
number of peptides from thep-tubulin heterodimer after  analyzed by SDSPAGE, N-terminal sequencing, and mass
proteolytic digestion. To obviate the need for a separation spectrometry.
step and to reduce the complexity of the system, we used Purification of Baine Tubulin and MT Polymerization.
the bioactive marine natural compound adociasulfate-2 (AS- Tubulin was purified from the brain of calves younger than
2), isolated from the marine sponddaliclona sp. (also 24 months as described by Asnes and Wils2®).(Purified
known asAdociasp.) (Figure 1A) {3). AS-2 was shownto  tubulin was aliquoted at 12 mg/mL, flash frozen in liquid
inhibit the MT-stimulated ATPase activity ddrosophila nitrogen, and stored at80 °C. Tubulin polymerization into
melanogasteiconventional kinesin by directly competing MTs was carried out as described previous2g)(
with MT binding and appears therefore as an excellent Mant-ADP Release Studies in the Presence of AS-2.
molecular probe to infer the MT interface of several kinesins. Formation of the CENP-E/mant-ADP complex was initiated
In this study we investigated the AS-2 binding regions of PY mixing 0.194M CENP-E with 0.01 M mant-ADP in a
two human kinesins, CENP-E (centromere-associated proteirnfin@l volume of 2 mL of buffer A25 (25 mM ACES/KOH
E), a member of the kinesin-7 family, and Eg5, a member & PH 6.9, 2 mM magnesium acetate, 2 mM potassium
of the kinesin-5 family, and deduced the MT-binding region. EGTA, 0.1 mM potassium EDTA, 1 mM-mercaptoethanol,
Both proteins play critical roles during mitosis. Eg5 is 300 MM NaCl). Mant-emission spectra were obtained by

responsible for the formation and the maintenance of the €xciting samples at 285 nm and collecting the emitted
bipolar mitotic spindle. This molecular motor provides the fluorescence from 395 nm. The fluorimeter used was the
plus-end directed force required to slide interpolar MTs MOS-450 from Bio-Logic Co, equipped with a 150 W Xe
during centrosome separatiobd). CENP-E appears to be lamp and a double eXC|ta_t|pn r_nonochromator._The_ cuv_ette
essential for monopolar chromosomes to establish bipolarholder used allowed the injection of reagents in microliter
attachment. This protein is thought to enhance the efficiency duantities under continuous stirring and without opening the
by which kinetochores establish stable MT contadss).( holder thu.s_preventlng exposure to light dgrmg injection.
Here we show that AS-2 is a MT-competitive inhibitor of Data acquisition and treatment was mad_e_gsmg the BIO?KIne
the human CENP-E motor domain. Loop 11, heli&, loop software. The chase of ma_n'F-ADP Was_lnltlated by adding a
L12, helix o5, loop L8, and stran@5 appear to be the main 0.5 mM ATP solution containing increasing amounts of AS-2
MT-binding elements of CENP-E. In addition we found that (UP to 30uM). The rates of mant-ADP release in the presence
AS-2 also modified the deuterium uptake of similar regions @nd absence of AS-2 were calculated by fitting the data to
within the Eg5 motor domainfé-L7-35-L8-35a ando4- the following equation

L12-a5). Formation of the Eg5/AS-2 complex leads to a
significant increase of solvent accessibility in the C-terminal y=Aexp(kt) +C

part of helixa4 indicating a strong structural modification

upon inhibitor binding. Most of these regions have been Wherek represents the rate of mant-ADP release () as
identified in other kinesins such as conventional kinesin, ncd, @ function of time ), A'is the burst amplitude of mant-ADP
and KIF1A (L8, L11, andx4-L12-05) (16—18), suggesting release, an€ is the endpoint of the reaction. The eﬁe_cts of
that kinesins investigated so far share a common MT AS-2 on mant-ADP release were determined by plotting the

interface. rates of release as a function of AS-2 concentration.
Inhibition of Basal and MT-Stimulated CENP-E and Eg5
EXPERIMENTAL PROCEDURES ATPase Actiities in the Presence of AS-2Il experiments

were performed at room temperature. Steady-state analyses

Materials. HisTrap chromatographic columns were pur- were carried out using the pyruvate kinase (Pkactate
chased from Amersham Pharmacia Biotech. Competentdehydrogenase (LDH) coupled assay in buffer A28)(
XL-10 and BL21(DE3)pLysS cells were obtained from supplemented or not with 300 mM NacCl (for basal and MT-
NOVAGEN. TFA, PIPES, RO, DMSO, paclitaxel, lysozyme,  stimulated ATPase activity measurements, respectively) and
pepsin, DNase I, and kanamycin were from Sigma-Aldrich. ATP (up to 1 mM). The final DMSO concentration in all
IPTG was purchased from ICN. Acetonitrile (gEN) was cases was-2.4% in a constant volume of 1QQ.. Kinetics
bought from SDS. Chemicals for ATPase activity assays were monitored using a 96-well Sunrise photometer (TECAN,
were from sources indicated by Hackney and Jiat@). ( Maennesdorf, Switzerland). Inhibitor modality under steady-
Ninety-six-well half-area plates were bought from Costar. state conditions was determined for CENP-E by measuring
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Ficure 1: (A) Chemical structure of the marine natural product inhibitor adociasulfate-2 (AS-2). (B) AS-2 inhibits the MT-stimulated
ATPase activity of human CENP-EJf and Eg5 Q) with ICs values of 1.3uM and 5.3uM, respectively. (C) Classical Michaetis

Menten representation of MT-stimulated CENP-E ATPase activity in the abs@an( presence of either O:8M (M) or 1.0uM (@)

AS-2. (D) Double reciprocal plot of MT-stimulated CENP-E ATPase activity in the absd@cand presence of 05V (#) and 1.0uM

(m) AS-2. The presence of AS-2 modifies thgs ur of CENP-E without affecting the ATP hydrolysis rate. AS-2 acts as a MT competitive
inhibitor with an inhibitor constank; of 0.35uM. (E) AS-2 inhibits the basal ATPase activity of Eg®)(and CENP-E M) with ICsg

values of 3.5uM and 8.6uM, respectively. (F) Effects of AS-2 on the ADP release rate of CENP-E in the absence of MTs. The presence

of AS-2 accelerates the CENP-E ADP release rate. The magnitude of the burst appears to be dependent on the inhibitor concentration used,
and the maximum burst was obtained with 20 AS-2.
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the effect of AS-2 (up to M) on the initial velocity as a Hydrogen/Deuterium Exchange Experiments on Peptide
function of MT concentration at a fixed ATP concentration Fragments.AS-2 (10 mM stock solution in DMSQO) was
of 0.8 mM. The MT concentrations used in the assay were diluted in 1 mM PIPES, pH 7.4. The complexes were formed
0.1, 0.25, 0.5, 1, 2.5, 5, and M. ICs, values for AS-2 at room temperature (1 min incubation time) using several
inhibition of basal and MT-stimulated CENP-E and Eg5 protein/inhibitor ratios (mol/mol): 1/4, 1/8, and 1/12 for
ATPase activities were determined by fitting the data to the CENP-E; 1/4, 1/6, and 1/10 for Eg5. Both proteins were

following binding isotherm equation: diluted 25-fold in deuterated buffer (1 mM PIPES, pD 6.8
or pD 7.4 for CENP-E and Eg5, respectively) in the presence
Y 1 and absence of AS-2. Deuteration was performed & 0
U_o = —[I] for 5 min in order to exchange all accessible amide hydrogens
1+ Ico. by deuterium. Assays were carried out in the presence of up
50

to 1% DMSO. Isotopic back-exchange was quenched by the
addition of 6uL of precooled pepsin solution, pH 1.6. After
whereu; is the reaction velocity at different AS-2 concentra-  digestion, deuterated pepsin cleaved fragments were rapidly
tions [l], vo is the initial velocity in the absence of inhibitor,  concentrated and desalted on a C4 Peptide MacroTrap
and 1Gy is the inhibitor concentration required to achieve cartridge (Michrom) at a flow rate of 3Q@L/min. Peptides
50% inhibition. The amounts of CENP-E used were 25 nM \ere separated on a reverse phase C18 Interchrom column
and 0.8:M in the presence or absence of MTs, respectively. (1 mm x 100 mm) by using a linear gradient from 5% to
For Eg5, the protein concentrations used wereidvBand 100% CHCN/H,O (9/1 v/v), 0.03% TFA over a run time

38 nM in the absence and presence of MTs, respectively.of 35 min at a flow rate of 5QL/min. The elution of all
Data were analyzed using Kaleidagraph 3.0 (Synergy Soft- peptides was complete after 17 min. To limit isotopic back-
ware). In a previous papet§) the PK has been reported to  exchange during the analysis, the injector and columns were
be inhibited by AS-2 with an 1§ value greater than 136  precooled in an ice bath and maintained 460 Adjustment
uM. Therefore we tested if AS-2 inhibits the PK used in for back-exchange was not performed since all experiments
our experiments (type Il from rabbit muscle, Sigma, ref No. \ere conducted under similar conditions on the same day.
P-I\sjllig)l.? Thehenzgme'”nkidk?lssa}y Wéli Ca”i_er? out \_Nrilth 20 The deuterated peptides were analyzed by ESI-MS.

m in the absence of kinesin, either with or without ) ) ; ;
1011152 i conconaton, T DONOL NS L1 e serments weos perionce on 2
stimulated Eg5 and CENP-E ATPase activities is almost ,5qrypole ion trap mass spectrometer ESQUIRE 3000
complete, see Figure 1B). No inhibitory (or stimulating) (Bruker Daltonics) equipped with an ion spray source. MS
effect was observed. Consequently, the coupled test can bg 4 \15-Ms experiments were carried out with a capillary
uged with no risk that AS-2 interferes at this concentration voltage set at 4000 V and an end plate offset voltage set at
with the P,K or th? LPH'_ 500 V. The nebulizer gas @Npressure was set at 10 psi

T.o. conf[rm the |nh|b|t|on.of the CENP-E basal ATPase gud the dry gas flow (B at 8 L/min at a temperature of
activity using the enzyme-linked assay, the effects of AS-2 >50°c Mass spectra were analyzed using DataAnalysis 3.0
on the basal CENP-E activity were also investigated using gnd Biotools 2.1 software.
the CytoPhos phosphate assay, as described previ@#ly (

CENP-E activity was measured in the presence @fband RESULTS
10 uM AS-2.

Transmission Electron Microscop$olutions of AS-2 (50 AS-2 is a natural compound isolated from the marine
uM) negatively stained with 1% (w/v) uranyl acetate as spongeAdociasp. that has been shown to target members
described previously26) were examined using a Philips  of the kinesin superfamily, namelp. melanogastercon-
CM12 electron microscope equipped with a LaB6 filament ventional kinesin (DmKHC) anenopus lagis CENP-E
operating at 120 kV. Several buffers supplemented or not (13). This molecule is unique since it is the only kinesin
with AS-2 were tested including 15 mM PIPES, pH 6.5 with inhibitor identified so far that has been shown to interfere
and without 5 mM Mgd{, and buffer A25, which was used with MT binding. In this study we characterized the effects
for measuring Eg5 and CENP-E ATPase activity. Electron of AS-2 on two human mitotic kinesins, CENP-E and Eg5.
microscopy revealed no evidence of AS-2 polymerization We used enzyme kinetics and HAMS to identify the
or crystallization in any of the conditions tested. secondary structural elements that are responsible for inhibi-

Pepsin Digestion and Sequence Assignm@ENP-E and  tor binding. The H/B-MS experimental approach was the
Eg5 digestions were performed for 2 min 15 s and 2 min, Most appropriate as only very small amounts of AS-2 were
respectively, at 0C in 1 mM PIPES, pH 2.1 with a 2.9 neg:-ded _for the analysis. We have already applied _thi§ method
ugluL pepsin solution prepared in 0.1 MsPO,, pH 1.6 to identify the binding regions of several small inhibitors
[protease/substrate ratio: 1/1 (w/w)]. The peptide fragments that target the motor domain of Eg9-10).
generated after pepsin digestion were separated on a C18 Effects of AS-2 on the Basal and MT-Stimulated ATPase
Interchrom column (1 mmx 100 mm) by using a linear  Activities of CENP-E and Eg5The basal ATPase activity
gradient from 5% to 60% CHCN/H,O (9/1 viv), 0.03% TFA of monomeric CENP-E was 0.034'sand is stimulated to
(solvent B) over a run time of 60 min at a flow rate of 50 15.7 st in the presence of MTs (Table 1). This activation
uL/min. Prior to the injection, the column was equilibrated is highly dependent on the salt concentration (data not
with 95% solvent A (water with 0.03% TFA) and 5% solvent shown). AS-2 inhibits the MT-stimulated ATPase activity
B for 20 min. Peptide assignments were performed by direct of human CENP-E with a median inhibitory concentration
MS—MS analysis. (ICs0) of 1.3 uM (Figure 1B). To determine the type of
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Table 1: Basal and MT-Stimulated ATPase Activities of CENP-E and Eg5 in the Absence and Presence of AS-2

Keat [s7] Kosur [4M] AS-2 inhibition [uM]
basal MT-stimulated
protein —MTs +MTs —AS-2 +AS-2 ATPase activity ATPase activity
CENP-B-341 0.034 15.7 0.21 0.46/0.99 8.6 1.3
EgS-386 0.047 14.1¢ 0.30' no® 3.5 5.3

aMaximum ke, Which can vary depending on the MT preparation and polymerization or the presence of DMiS®e presence of 0.6M
AS-2.¢In the presence of 1.0M AS-2. ¢ Values taken from reR0. ¢ Not determined.

inhibition by AS-2, we measured the rate of ATP hydrolysis

were found after 5 min deuteration allowing 94% of the

in the presence or absence of inhibitor and increasing motor domain to be covered. The 2% loss in sequence

amounts of MTs (Figure 1C). The Lineweavd3urk rep-

coverage affects region L6 and corresponds to peptide

resentation shows that AS-2 acts as a MT-competitive fragment Asp19#Phe206. This fragment contains the switch

inhibitor with an inhibition constantq;) of 0.35uM (Figure
1D). The catalytic constankd,) remains unaffected whereas
a 2- to 5-fold increase is observed 5 vt With values of
0.21uM, 0.46uM, and 0.9%uM in the absence and presence
of 0.5 uM and 1.0uM AS-2, respectively (Table 1). We
further tested AS-2 on the motor domain of the mitotic Eg5.
As observed for CENP-E, AS-2 inhibits the MT-stimulated
Eg5 ATPase activity with an I3 value of 5.3uM (Figure
1B). We also found that AS-2 was able to inhibit the basal
ATPase activity of both CENP-E and Eg5 with ansd©f

8.6 and 3.5:M, respectively, using the enzyme-linked assay
(Figure 1E). FoiD. melanogasteconventional kinesin1(3),

a stimulation of the basal ATP activity was reported in the
presence of AS-2. To exclude the possibility that the
observed inhibition of basal CENP-E ATPase activity results
from inhibition of one of the test compounds of the enzyme-
linked test (PK or LDH), but not CENP-E, we measured the
inhibition by AS-2 at 5 and 1«M using the CytoPhos

I motif (NQRSSRSH) of the nucleotide-binding pocka1).

The effects of AS-2 binding on the motor domain were
monitored after 5 min deuteration. Binding of AS-2 decreases
the solvent accessibility of 13 peptide fragments which
delimit 3 regions of the motor domain: Met13Reul67
(B4-L7-p55-L8-5a-L835b), Arg241-Phe263 (L11a4), and
lle281—Leu288 (L12e5). Deuterium exchange results for
four selected peptide fragments, Mettd2ul42 (L745),
Val234—Glu240 (37-onset of L11), Val234Asn257 (37-
o—L11), and lle28%Leu288 (L12e5), are reported in
Figure 3A. No reduction in the solvent accessibility is
observed in peptide fragment Val23&lu240. Hence, the
decrease of deuterium incorporation observed in fragment
Val234—Asn257 only takes place in the C-terminal part of
the peptide (loop 11). The other peptide fragments show no
difference in the extent of deuterium incorporation in the
presence of the inhibitor. Interestingly, the three identified
regions are located on the side of the motor domain opposite

phosphate assay, which is based on the production ofto the monastrol and STLC binding regions on Eg5 (Figure

inorganic phosphate without adding additional enzyr2és (
Again, we observed an inhibition of the basal CENP-E

4A). The observed solvent accessibility reduction in these
regions can be due to a masking effect, to allosteric con-

ATPase. On the other hand, an acceleration of the ADP formational changes induced upon ligand binding, or to both.
release rate (as shown for conventional kinesin) is observedWe thus compared the “putative” MT-binding interface

when CENP-E is incubated with increasing amounts of AS-2
(Figure 1F). This result indicates that the inhibitor stimulates
ADP release when bound to the motor domain thus “mim-
icking” the activity of MTs. The binding of MTs to kinesin

is known to stimulate the basal ATPase activity+$000-
fold, primarily by accelerating the ADP release ra1&, 28).

inferred by H/D-MS with the recent results obtained by
docking CENP-E and tubulin structures into 3D image
reconstructions obtained by electron cryomicroscopy (cryo-
EM) of the CENP-E/MT complex29). Most of the observed
solvent accessibility modifications in the presence of AS-2
appear related to a masking effect, exceptfdrand L7.

However, the observed acceleration of the CENP-E/ADP These secondary structural elements were not identified by
release rate is correlated with an inhibition of the basal cryo-EM, and their monitored exchange rates probably
ATPase activity (Figure 1E). It thus seems possible that the correspond to conformational changes induced upon AS-2
AS-2 binding on the CENP-E/MT interacting region locks binding. Loop L11, helixa4, loop L12, helixa5, loop L8,
the motor domain in a conformation suitable for ADP release and strands5 seem thus to correspond to the main MT-
but not for ATP binding and/or hydrolysis. To further test binding elements of CENP-E (Figure 4A). These regions
the specificity of AS-2, we investigated the inhibition of the were also identified as part of the MT interface of N&d)(
MT-stimulated ATPase activity of members of different KIF1A (30), and conventional kinesirlf) suggesting that
kinesin families and found that they are all inhibited by AS-2 the MT contact areas are well conserved among kinesin
(data not shown). These results show that AS-2 targets manymotors.
members of the kinesin superfamily, includiby melano- Interaction of AS-2 with Eg5Given that (1) AS-2 is a
gasterKHC andX. laevis CENP-E (L3) andHomo sapiens  nonspecific kinesin inhibitor and (2) the kinesin-MT interface
MKLP1, RabK6, MPP1, KIFC1, KIFC3, CENP-E, and Eg5. seems to be well conserved, we also investigated the MT-
Interaction of AS-2 with CENP-H.he regions of CENP-E  binding regions of human Eg5. Due to the limited amount
responsible for the attachment of MTs were investigated by of AS-2 available, it was not possible to determine the type
H/D—MS using AS-2 as a molecular probe. The CENP-E of Eg5 inhibition by AS-2. However, the inhibitor affects
peptide map is presented in Figure 2. Among the 133 both basal and MT-stimulated Eg5 ATPase activities (Figures
proteolytic fragments generated and assigned by ESI- 1B and 1E). The Eg5 peptide map used for HMS
MS—MS (sequence coverage of 96%), 76 peptide fragmentsexperiments has been described previoug)ygee Support-
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Ficure 2: Amino acid sequence of the CENP-E motor domain showing the 93 pepsin-cleaved fragments recovered after HPLC separation
on ice. Secondary structural elements determined by X-ray crystallog(afhgre shown above the sequence. Arrows below the sequence
indicate the position of the proteolytic fragments assigned by ESI-MS—MS. Peptides which were not recovered after 5 min deuteration

on ice are denoted with dashed arrows.

ing Information Figure S1). We found that AS-2 binding to fragment Leu293 Leu302 exhibiting the most significant
Eg5 increased the deuterium uptake of similar regions increase in deuterium uptake (Figure 3B). This peptide is
identified for CENP-E, except for loop L11. Results for composed of the C-terminal end of helied and is poorly
peptides Phel69Aspl77 (35—L8) and Leu293-Leu302 deuterated, because amide hydrogens located in helices
(a4) are reported in Figure 3B. The other Eg5 peptide participate in intramolecular hydrogen bonding and are thus
fragments show no difference in the extent of deuterium “protected” from deuteration. In the presence of AS-2, most
incorporation indicating that no other part on the motor of the amide hydrogens become accessible, suggesting a
domain was affected by the presence of the inhibitor. The strong structural modification.

two identified regions [consisting of Leu16KArg189 (34-

L7-85-L8-A5a) and Leu293Leu316 g4-L12-a5)] arealso ~ DISCUSSION

located on the side of the motor domain containing the main  Natural compounds extracted from marine animals, algae,
secondary structural elements that are involved in the fungi, or bacteria represent a rich source of bioactive
kinesin—=MT interface (L6) (Figure 4B). To our surprise, compounds with a broad spectrum of biological activities,
AS-2 produces the opposite effect on Eg5 as compared toincluding antifungal, antibacterial, and antiviral activities
CENP-E. Formation of the Eg5/AS-2 complex leads to (31). Some of these compounds are in clinical phase Il or
greater solvent accessibility in all modified peptides, with Ill trials as candidates for the development of small molecule
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Ficure 3: Effects of AS-2 binding on the deuterium incorporation rate. (A) CENP-E peptide fragments M&td3242, 1le281Leu288,
Val234—Asn257, and Val234Glu240. (B) Eg5 peptide fragments Phe1@%pl177 and Leu293Leu302. Binding of AS-2 to the Eg5
motor domain increases the extent of deuterium incorporation, whereas the solvent accessibility is reduced in the CENP-E motor domain.

Each mass spectrum compares nondeuterated peptide fragments (solid line) with peptide fragment after 5 min deuteration without (blue
dashed line) and with adociasulfate-2 (red dashed line).

pharmaceuticals 3¢). Another important application of compounds by enantioselective synthe8ig).(As a conse-
natural compounds derived from marine organisms concernsgquence only very small amounts of AS-2 were available for
their use as molecular probes to study protein function this study. Mass spectrometry associated with H/D exchange
(chemical genetics) or to elucidate the mechanism of action experiments was therefore the most appropriate method to
of enzymes. Adociasulfates represent a new group of characterize the effects of AS-2 on kinesin motor domains
bioactive marine natural products isolated from different as only minuscule quantities of inhibitor were required for
sponge species. Ten different adociasulfate compounds haveéhe analysis. With this approach we were able to monitor
been identified and isolated 33—36), but until now only the effects of AS-2 binding on the structure of two human
adociasulfate-1 was synthesized from commercially available mitotic kinesins, CENP-E and Eg5.
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The most significant deuterium uptake observed in Eg5
occurs in the C-terminal end of helix4 (Figures 3B and
4B). Such a structural modification on hetid has also been
reported for the KIF1A kinesin motor domairl§). The
determination of the KIF1A crystal structure in different
nucleotide states revealed significant conformational changes
in the switch Il region (loop L11, helix4, and loop L12).
During phosphate release (ADP-Pi state), both loop L11 and
L12 are shortened allowing the elongationoaf from both
ends. After phosphate release (ADP state), the erndldé
shortened and L12 recovers its flexible conformation. These
modifications allow KIF1A to modulate its MT affinity. In
our experiments, the Eg5 motor domain was in an ADP state,
suggesting that L12 was already in a flexible conformation.
Consequently, the observed structural modificationbfis
not related to the nucleotide state of the motor domain but
directly to AS-2 binding. Finally, it is interesting to note
that most of these regions were identified as part of the MT-
binding interface of other kinesins, such as the conventional
kinesin (L7/L8, L11, and L12/5) (16), Ncd (L11, L12 and
a4, L8, L2 anda6) (17), and KIF1A (L8,a6/L12, and the

> switch Il cluster) 8, 30).

Limits of the H/D-MS ApproachTo reduce the complex-

ity of the system we used the MT-competitive inhibitor AS-2
and not MTs to locate the binding regions implicated in the
interaction with MTs. A total of 133 proteolytic peptides
where identified for CENP-E, and the presence of MTs
would have considerably increased the number of peptides
generated, probably to several hundreds. The protein se-
guences ofa- and S-tubulin of the heterodimer are very

. similar to each other, making the analysis with the H/D

\ MS approach, in particular the unambiguous identification

and assignment of peptides, even more complicated. We have

Ficure 4: Ribbon representations of CENP-E and Eg5 motor pean gple to identify the surface of kinesins that is implicated
domains showing the secondary structure elements modified in the.

presence of AS-2. MgADP is shown as a space-filling model (blue). " the interac'E‘ion”With '\‘{ITS; hf’W?VGf’ we cannot distinguis_h
(A) Incubation of CENP-E in the presence of 8-fold molar excess between the “up” and “down” orientation when CENP-E is
AS-2 reduces the solvent accessibility of three regions: GIt133 docked onto a MT, which requires high-resolution cryo-EM
Leul67 (34-L7-55-L8-45b), lle281-Leu288 (L12e5), and Arg241 of the complex.

Phe262 (L11e4). (B) Binding of AS-2 increases the deuterium DY .
incorporation rate of two regions within the Eg5 motor domain: The Structure of AS-2 in Solutiom a recent paper the

Leul61-Argl89 (34-L7-35-L8-85a) and Leu293Leu316 @4- structure of AS-2 responsible for the inhibition of kinesin
L12-05). was reported to exist as rodlike aggregates (in the presence

of magnesium ions) with the sulfate groups probably exposed
CENP-E and Eg5 Both Share a Common MT-Binding to the aqueous environment, thus mimicking MTZ5)(

Interface.We show here that the MT-competitive inhibitor However, no AS-2 aggregates or filaments were observed
AS-2 represents an excellent molecular probe to infer the by TEM in any buffer conditions used in our experiments
interface between kinesins and MTs by H/DIS. The (data not shown). It is likely that the monodisperse form of
binding of AS-2 affects the deuterium incorporation rate of AS-2 is thus responsible for the observed inhibitory effect
similar regions on CENP-E and Eg5 motor domains, mainly on both CENP-E and Eg5. Due to the lack of sufficient
loops L8 and L11 and the switch Il clustem4-L12-a5), inhibitor, an exhaustive analysis was impossible. The exist-
suggesting that both kinesins use the same secondaryence of rodlike aggregates would be in accord with our
structural elements to interact with MTs (Figure 4). However, results since the surface of the regions identified is too large
the effects of AS-2 binding are different for both motor to be explained by a simple masking effect by AS-2.
domains, suggesting that AS-2 does not act identically on Assuming that AS-2 is a classical 1:1 inhibitor leads to the
both proteins to achieve the same inhibitory effect. Formation following possibilities. An explanation for the large area
of the CENP-E/AS-2 complex leads to a small decrease of involved is that a number of AS-2 molecules are bound; this
the deuterium incorporation rate whereas an increase ofwould indicate a decrease in the solvent accessibility in each
solvent accessibility is observed for Eg5. The observed case. However, in one case the solvent accessibility is
increase of deuterium uptake is surprising since we expecteddecreased (CENP-E) and is increased in the other (Eg5). All
to see a masking effect on Eg5. This indicates that importantthese observations can therefore be explained if we suppose
structural changes occur within the AS-2 binding interface that binding of the AS-2 molecule induces an allosteric
leading to the exposure of more amide hydrogen to the change in the motor domain, which interferes with MT
deuterated buffer than those protected upon AS-2 binding. binding.
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AS-2 as a Tool To Study Kinesimdonastrol, one of the
first kinesin inhibitors identified, has been a valuable tool
for the elucidation of mechanistic details of mitotic Eg5. For
example, the crystal structure of the ADP-Eg5-monastrol
ternary complex 38) revealed large conformational rear-

rangements, when compared to the native struct88g (
Monastrol binds in a pocket formed by hela2/loop L5
and helixa3 and inhibits ADP releas0, 40) but not ATP

binding @1). A structural comparison with KIF1A reveals
that thead—a5 cluster and the neck-linker (involved in MT

binding) in the ternary complex can be superposed on the

KIFIA—AMPPCP complex, but not with bound ADP,
indicating that the ADP-Eg5—monastrol ternary complex
is in the “locked” conformation (presumably ATP-like),
whereas the native Eg5 structure is in the “unlocked”
conformation (ADP state). In contrast to monastrol, AS-2
inhibits CENP-E and Eg5, but binds to the opposite region
of known Eg5 inhibitors, the putative MT-binding site, and
stimulates ADP release in the case of CENP-E &nd
melanogasteKHC. Since adociasulfates act with a different

mechanism than monastrol, they might also be valuable tools

to study Eg5 mechanism and function, and their use might
lead to new structural conformations and additional mecha-
nistic insights into Eg5 function, that are not accessible by
monastrol-related compounds.
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