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ABSTRACT. E@5 is a kinesin-like motor protein required for mitotic progression in higher eukaryotes. It is

thought to cross-link antiparallel microtubules, and

provides a force required for the formation of a bipolar

spindle. Monastrol causes the catastrophic collapse of the mitotic spindle through the allosteric inhibition
of Eg5. Utilizing a truncated Eg5 protein, we employ difference infrared spectroscopy to probe structural
changes that occur in the motor protein with monastrol in the presence of either ADP or ATP. Difference
FT-IR spectra of Eg5monastrot-nucleotide complexes demonstrate that there are triggered conformational
changes corresponding to an interconversion of secondary structural elements in the motor upon interaction
with nucleotides. Notably, conformational changes elicited in the presence of ADP are different from
those in the presence of ATP. In EgBonastrol complexes, exchange of ADP is associated with a decrease

in random structure and an increaseoielical content. In contrast, formation of the EgBonastrot-

ATP complex is associated with a decreaserihelical content and a concomitant increasgsiaheet
content. One or more carboxylic acid residues in Eg5 undergo unique changes when ATP, but not ADP,
interacts with the motor domain in the presence of monastrol. This first direct dissection of inhibitor
protein interactions, using these methods, demonstrates a clear disparity in the structural consequences of

monastrol in the presence of ADP versus ATP.

Inhibition of mitosis is at the crux of clinical strategies
for controlling tumor growth. Mitotic motor proteins, includ-
ing Eg5! dynein, and C-terminal kinesins, are required for
bipolar spindle formation during mitosis. Small molecular
inhibitors of the mitotic kinesin Eg5 have been uncovered
from chemical screens; these are monasttyl terpendole
E (2), and HR22C163). These compounds arrest mitosis

via reversible, allosteric inhibition of Eg5 and subsequent
perturbation of bipolar mitotic spindle formation. It is
noteworthy that these compounds do not affect other kinesin
family members. Thus, inhibition of kinesin Eg5 provides a
novel and specific mechanism for targeting the mitotic
spindle, and a possible avenue for conferring general anti-
proliferative effects on cancerous growth.
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Ficure 1: Structures of compounds and their effects on Eg5 activity. (A) Chemical structure of monastrol. (B) Schematic of the photolysis
reaction of caged ATP. (C) Coupled, microtubule-dependent ATPase activity assays of human kinesin Eg5:martcbin( the presence

of monastrol @). Also shown is the absorbance of monastrol in the absence of protein, under these assay cofjitibine ATPase

activity was 15+ 3, 0.3+ 0.1, and 0.3+ 0.1 s* for control Eg5, monastrol and Eg5, and monastrol alone, respectively. (D) Coupled,
microtubule-dependent ATPase activity assays of human Eg5: with caged WTénh¢ with photolyzed caged ATFr}. The ATPase

activity was 0.3+ 0.1 s'* for Eg5 and caged ATP and 15 3 s! for Eg5 and photoreleased, caged ATP. Some data have been displaced
along they-axis to facilitate comparison. Data shown are averages of at least three independent experiments with two different protein
preparations.

Eg5 is a member of the BImC/Eg5 (or N-2) class of the hampered by the lack of a complete set of structural data
kinesin superfamily4). The native Eg5 molecule is a homo- throughout a nucleotidase cycle for motor proteins or for
tetramer, organized with two sets of antiparallel dimé&)s ( structurally related G-proteins. However, structural similari-
The resulting pair of motor domains at each end of the ties in the conformational switch between NTP and NDP
tetrameric molecule are thought to cross-link microtubules states of motor proteins and G-proteins have helped identify
in the mitotic spindle: the motor domains are attached to key structural components of the nucleotidase cytle12).
antiparallel microtubules and drive the separation of spindle These include the conserved P loop, switch I, and switch
poles by sliding microtubules against each oth@r 7). [I/helix regions that have been established as important motifs
Kinesins share a mechanism of conformational “switching” involved in critical changes in the nucleotidase cycle: the P
for converting small structural changes in their nucleotide- loop is responsible for the binding of the andS-phosphate
binding sites into larger movements to provide force genera- groups of the nucleotide, whereas switch | and switch Il loops
tion and motion. Responsible for microtubule binding and interact selectively with the-phosphate moiety.
force generation, the motor domain of kinesins also imple-  The emergence of small-molecule inhibitors, which allo-
ments a nucleotide (ATP) hydrolysis cycle. Major transitions  sterically block the activity of mitotic motors, has enhanced
in the nucleotidase cycle are (1) binding of NTP, (2) bond the need for elucidation of the residues and regions of these
cleavage (proteinNTP to proteir-NDP—P), (3) phosphate proteins which trigger critical changes in the nucleotidase
release (proteirNDP—P; to proteinr-NDP), and (4) NDP  cycle. Monastrol, a dihydropyrimidine derivative (Figure
release (proteirNDP to protein and NDP). 1A), provides us with a tool that may allow dissection of

Several techniques have provided information concerning structural changes that may occur in Eg5. Irrespective of the
the structural mechanotransduction of kinesins, including, presence of microtubules, monastrol allosterically inhibits
for example, X-ray crystallography8(9) and magnetic ~ ATP hydrolysis in Eg5 and a subset of homologues, but not
resonance spectroscopef. The crystal structure of a  other members of the kinesin and dynein superfamill&s (
truncated Eg5 with MgADP boun@) has been determined;  14). It causes reversible binding of Eg5 to microtubules that
its overall folding pattern of a central eight-strangkdheet, is resistant to both high and low concentrations of ATP and/
with three helices on each side, is similar to that of other or salt (L3, 14), conditions that cause the release of kinesin-
kinesins. Despite insight gained from structural studies like proteins from microtubules. Importantly, binding of
utilizing nonhydrolyzable nucleotide analogues, detailed monastrol in the presence of MgADP triggers widespread
models of both the nucleotidase and mechanotransductionconformational changes throughout the Eg5 catalytic domain,
cycles, including a description of protonation and hydrogen possibly resulting in the arrest of Eg5 motor activi§).(
bonding interactions of amino acid side chains, have not beenHowever, the effects of monastrol on the core catalytic
determined. Elucidation of these mechanisms has beendomain during nucleotide hydrolysis are unclear. Further
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dissection of the mechanism of allosteric inhibition by —80 °C until they were used. Upon thawing of the sample
monastrol on Eg5 is crucial to understanding mechanotrans-additional protease inhibitor cocktail (Sigma, St. Louis, MO),
duction and clarifying its potential as an anticancer agent. 2 mM MgATP, and 0.1 mg/mL DNase | were added to the

Difference infrared spectroscopy permits observation of Cell suspension, and the mixture was allowed to incubate
the structural changes that occur in Eg5 and monastrol duringfor 30 min at room temperature. Subsequently, cells were
its nucleotidase cycle. In principle, vibrational spectroscopy lysed with a French press, and clarified by centrifugation at
can provide information about bond orders, charge distribu- 1200@ for 45 min.
tion, and hydrogen bonding of individual groups. Dynamic ~ The supernatant was applied to a Ni affinity column
and reversible changes in a single amino acid within mul- (Qiagen, Valencia, CA), washed with 50 mM HEPES (pH
tisubunit complexes of 300 kDa can be monitored by dif- ~ 7.5), 75 mM NaCl, and 10 mM imidazole, and eluted with
ference FT-IR 15), using small quantities of sample in linear gradient from 10 to 150 mM imidazole. Pooled
solution and at room temperature. Difference (reaction- fractions were subjected to subsequent desalting in 50 mM
induced) vibrational spectroscopy offers the possibility of HEPES (pH 7.5) and 10 mM NaCl, and cation exchange
following changesconcomitantly in the structure of Eg5, chromatography (linear gradient from 10 to 500 mM NacCl).
nucleotide, and monastrol in native conformations, instead The final eluate was desalted and concentrated using Cen-
of under specific forced conformations stabilized within tricon filter devices (Millipore, Bedford, MA). The protein
crystals. Dynamic structural information uncovered by dif- was stored at approximately 0.5 mM in 50 mM HEPES (pH
ference FT-IR can be combined with static structural 7.5), 50 mM NaCl, and 20% glycerol &t80 °C until it was
information from X-ray crystallographic studies to produce Uused. The final protein is estimated to 60% pure, based
a detailed model of Eg5 in mechanotransduction and inhibi- on SDS-polyacrylamide electrophoresis, a noninterfering
tion. protein assay (Genotechnology, St. Louis, MO), and densi-

Our aim in this vibrational study is to obtain direct ex- tometry; the final protein yield is approximately 1 mg of
perimental observation of structural changes in human Egs,E9® Per liter of bacterial culture. Microtubule-stimulated
modulated by monastrol and the nucleotide substrate. OurATPase assayd{) confirmed that the preparation was active
strategy involves the incubation of active Eg5 motor domain (S€€ Results). _ _
and monastrol with “caged” ATP or ADR6), which is used Infrared Spectroscopyrior to spectroscopic use, glycerol
as a photolabile trigger to permit ternary interactions during Was removed from the EgS protein samples by dilution and
spectroscopic observation. For example, the molecular cageconcentration using Centricon filter devices. Infrared samples
{P3-[1-(2-nitrophenyl)ethyl] or NPE is an ester derivative  (total volume of 2QuL) contained 20 mM HEPES (pH 7.5),
of ATP (Figure 1B), which sterically prevents ATP from 0.1 MM EDTA, 6 mM dithiothreitol, 1 mM MgGl 10 mM
interacting with the motor protein, and which can be released ¢@9ed nucleotide, 1 mM Eg5 protein, and 1.25% DMSO
by flash photolysis. Difference infrared data presented herein (Uniess indicated as omitted); dithiothreitol is utilized to
demonstrate that formation of the EgonastroFATP scavenge the reactive photolysis byproduct, 2-nitrosoac-
complex triggers conformational changes throughout the Eg5€tophenone (Figure 1B). All experimental manipulations of
catalytic domain, which differ significantly from those Cc2ged ATP and ADP (Molecular Probes,#0% pure), as
observed in the presence of ADP. The chemical nature of Well @s the **N-nitro isotopomers of caged ATP, were
the bound nucleotide modifies the structural consequencestonducted in the dark. Monastrol (Sigma) was incubated with

in the Eg5-monastrol-nucleotide complesn uitro. Eg5, at a final concentration of 5 mM, for 10 min prior to
the addition of the caged nucleotide to the IR samples.
EXPERIMENTAL PROCEDURES To minimize the contributions of water to the FT-IR

spectra, samples were partially dehydrated under a dry N

Protein Expression and Purificatioifhe truncated version  stream {5). Reagent mixtures were subsequently sandwiched
of Eg5 was generated by amplifying a portion of the coding between two CaFwindows. Samples, held fixed in the
sequence from human pancreatic adenocarcinoma cDNAspectrometer with a demountable liquid cell holder (Harrick
IMAGE clone 2323202 (Research Genetics/Invitrogen, Carls- Scientific, Ossining, NY), were placed under vacuum for 1
bad, CA) by PCR usin@fu Turbo polymerase (Stratagene, h before data acquisition. Spectral conditions were as
La Jolla, CA). Restriction sites were engineered into each follows: double-sided, forwardbackward acquisition mode,
PCR fragment by base substitution in primers. The truncated Happ—Genzel apodization function, 20 kHz mirror velocity,
Eg5 cDNA, encoding residues-B70, was subcloned into 4 cn? spectral resolution, 200 scans per interferogram, 1
the pET 21d plasmid (Novagen, San Diego, CA) between |evel of zero filling, gain of 1, and room temperature. The
restriction sitesNcd and Xhd in frame with a C-terminal  duration for the acquisition of one interferogram was 86 s.
six-His tag. A Nd:YAG Surelite Continuum (Santa Clara, CA) laser

The truncated form of human kinesin Eg5 was expressedwith 355 nm excitation was utilized for photolysis of caged
in Escherichia colBL21(DE3)pLysS cells that were trans- nucleotides in either the absence or presence of Eg5. The
formed with the above pET construct ix T medium with laser energy output was160 mJ per flash, with a pulse
appropriate antibiotics. Expression was induced with 1 mM duration of 6 ns. Conversion of caged ATP was confirmed
isopropyl 1-thiog-p-galactopyranoside when cultures reached by HPLC analysis using a reverse-phase C-18 column under
an ODyoo between 0.5 and 0.75. Cells were harvested after ion pairing conditions with 50 mM potassium phosphate (pH
growing fa 4 h at 30°C, resuspended in 50 mM Tris-HCI  6.5), 5 mM tetrabutylammonium bromide, and 20% aceto-
(pH 8), 0.4 M NaCl, 1 mM ethylenediamirg;N,N',N'- nitrile. The absorbance change of the marker bands at 1526
tetraacetic acid, and 1 mM phenylmethanesulfonyl fluoride and 1346 cm! was plotted against the number of flashes,
at a ratio of 4 mL of buffer per gram of pellet, and frozen at and the saturation curve was normalized against the HPLC
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quantitation. Five flashes yielded-5% conversion of total
caged ATP to free ATP, concentrated in the fraction of
nucleotide within the IR beampath. To ensure consistent
release of the caged nucleotide, these conditions were held
constant in all experiments.

Vibrational data were collected with an MCT/A detector
in a Bruker IFS 66v/s infrared spectrometer under vacuum.
All spectra shown herein are averages of at least three
experiments, and were analyzed using IGOR Pro (Wave-
metrics, Lake Oswego, OR). In our samples, the absorbance
of all regions between 4000 and 900 thwas less than 1.
For each sample, six interferograms were acquired prepho-
tolysis (dark), followed by iterated collection of prephotolysis
(dark) and postphotolysis (light) interferograms, sandwiching
five successive laser flashes on the spectroscopic sample.
The difference, or light-minus-dark, spectrum of the IR
sample with the caged nucleotide was obtained by subtracting
the spectrum after photolysis from the spectrum of the sample
before illumination; six light-minus-dark and three dark-
minus-dark spectra were generated for each sample. Differ-
ence spectra are scaled to an absorbance of 0.3 AU, based
on aAA between 1650 and 1800 ctn Reaction-induced
data that are shown are averages of only the first light-minus-
dark spectra, which reflect steady-state conditions upon
release of free nucleotide and from which the effects of NTP
and NDP mixing can be excluded. Note that, as in other
vibrational analyses of caged compount§, (L8), construc-
tion of double-difference spectra utilizes an interactive
subtraction to eliminate the 1525 and 1344 énfines,
assigned to N@stretching vibrations, to remove contribu-
tions from the photolytic reaction. THeN-nitro isotopomers
of caged ATP 19), generously provided by J. Corrie
(National Institute for Medical Research, U.K.), downshift
vibrational modes in the 1525 crhregion (see Results) and
permit analysis of any potential protein bands in the 1525
cm ! region (data not shown).

RESULTS T

Interaction between Purified Eg5 and Caged Nucleotides. 1800 1600 1400 1200
Our experimental model is the motor domain of the human FREQUENCY (cm'1)
Eg5 kinesin-like protein, which is a truncated form (42 kDa) Ficure 2: Difference infrared spectra of caged nucleotide pho-
of the wild-type protein that lacks an oligomerization domain. tolysis. (A) Caged ATP photolysis in the preseneg @nd absence
We tested the ability of the purified Eg5 motor domain to f PMSO (= — —). (B) Photolysis of*N-labeled caged ATP)
catalyze the hydrolysis of ATP using a coupled NADH in comparison with unlabeled caged ATP ¢ ). (C_)E:aged ADP

- ; : ) photolysis ) in comparison with caged ATP~( ). Control
activity assay, previously described7); rates of this dark-minus-dark spectra, corresponding to the primary data in each
truncated Eg5 (Figure 1C) are comparable with those panel, are shown in panels-AC as dotted lines. Data shown in

reported in the literaturel@, 14). As expected, introduction ~ panels B and C were collected on samples containing DMSO, and
of monastrol in then vitro assay results in abolishment of gre%g;/;rflfels(rozf 2%01200 infrared scans. Tick marks on thexis
activity (Figure 1C). Substitution of caged ATIR lieu of '

ATP in the assay mixture resulted in no measurable change .
in NADH absorption (Figure 1D). However, photolytic results from the subtraction of a spectrum measured before

release of ATP from the nitrophenylethyl moiety permitted Photolysis of the NPE-caged ATP from a spectrum taken
ATP hydrolysis with rates that paralleled those when ATP &fter photolysis. The control difference spectrum (Figure 2A,
was used alone. Our data support the conclusion that cagedlotted line) shows the difference between two spectra mea-
ATP effectively sequesters ATP from the enzyme until the Sured before laser illumination; there are no observable spec-
cage group is removed via UV ph0t0|ysis_ tral features in these data. Therefore, Only those vibrational
Difference Infrared Spectrum of Caged Nucleotide Pho- modes that undergo reaction-induced absorbance changes
tolysis.Photolysis of caged nucleotides can be assessed withcontribute to spectral features in the photolysis difference
difference infrared techniques (Figure 2). To examine the spectrum. Positive bands in the difference spectrum (Figure
spectrum of caged ATP photolysis, we collected FT-IR spec- 2A, stippled shading) refer to new species produced by the
tra of caged ATP before and after photolytic release of the photolysis reaction (Figure 1B), while negative bands (Figure
NPE cage (Figure 2A, solid line). A difference spectrum 2A, solid shading) refer to the initial state of the educts.

o™
o™
~—
~—
1
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Our data are consistent with vibrational data from other lines). The resulting double-difference spectra are dominated
NPE-caged compound®). For example, the positive band by the effects of the nucleotide binding to Eg5 in the presence
at 1693 cm?!® (Figure 2A) is attributed to the nitroso- or absence of monastrol; these double-difference data rep-
acetophenonel@). Negative bands at 1525 and 1344¢m  resent monastrol binding spectra. Note that the negative
have been previously assigned to the symmetric and anti-controls (Figure 3C,D, dotted lines) do not exhibit significant
symmetric stretching vibrations of the disappearing,NO spectral features. Therefore, we can measure dynamic struc-

group (L6, 18). This is confirmed by use dfN-caged ATP

tural changes in the motor protein that are inhibitor- and

(Figure 2B, solid line); this photolysis spectrum has spectral nucleotide-specific.

shifts (shaded negative lines) that arise from the isotopic

substitution of the nitrophenylethyl moiety. The negative
antisymmetric and symmetric NQibrations of caged ATP
are downshifted by 27 and 21 cfprespectively. In addition,

Carbonyl Region of the Monastrol Binding Spec@aown
in Figure 3 is the spectral range that encompasses the
absorption of the &0 mode of carboxyl groups and of the
amide | mode of the polypeptide backbone. The carbonyl

the presence or absence (Figure 2A, dashed line) of lowstretching, or the amide I, vibration of the peptide backbone

concentrations of DMSO, required for solubilizing monastrol,
does not impact the photolysis spectrum.

The 1306-900 cm?! region is dominated by changes in
phosphate vibrations (Figure 2). At pH 7.5, the N1 atom of
the adenine ring and thg-phosphate group of ATP are

(22) dominates in the 16901620 cm! region of the
monastrol binding spectra (Figure 3C,D, solid lines). Intensi-
ties and frequencies in this amide | region of the monastrol
binding spectrum may be influenced by changes in secondary
structure content or other changes in protein conformation

deprotonated; the triphosphate chain is composed of twoupon nucleotide binding. Alternatively, a contribution in this

PO, groups at thex andg positions, and & PO;2~ group.
Antisymmetric stretching vibrations’§) of the PQ™~ groups
are localized in the 12501150 cm?! region @0). Sym-
metric stretching vibrations of PO, found in the 1100 crmt

region may be from the carbonyl group in monastrol or from
side chain vibrations from primary amide groups such as
glutamine and asparaging3).

Data within the amide | region show that structural pertur-

region, overlap with degenerate stretching modes of the bations due to monastrol are not identical for ATP or ADP

PO terminal group expected in the 1120070 cm?
region. Photolysis of caged ADP yields similar difference
IR data (Figure 2C, solid line), with the exception of the
1300-1100 cn1? region (shaded regions); tgs vibrations
of the PQ~ groups shift from 1230 cnt in ATP to 1210
cmtin ADP (20, 21). As expected, there are no observed
HPQy?~ vibrational modesi(6) in the 1086-990 cm! region
(data not shown).

Monastrol Binding Spectra of Eg5 and the Nucleotide.

bound to the Eg5 motor domain. The monastrol binding spec-
trum in the presence of ATP (Figure 3C, solid line) exhibited
negative spectral components at 1654 and 1626 owhich
were indicative of unique modes in the absence of monastrol.
In addition, positive lines at 1668 and 1637 cnmwere
observed in this double-difference spectrum, arguing that the
combined presence of monastrol and ATP vyielded unique
structural changes. Our data show that there are distinct
differences in the 16981620 cm! region of the Eg5

Likewise, we obtained a difference FT-IR spectrum of the monastrol binding spectrum for caged ADP (Figure 3D, solid
photolysis of caged ATP in the presence of the Eg5 motor line); the absence of monastrol is correlated with a negative
domain and monastrol (Figure 3A, solid line). A second dif- mode at 1641 cni, whereas small positive modes at 1660
ference infrared spectrum was obtained for samples contain-and 1624 cm' are observed in the presence of monastrol.
ing Eg5-ATP complexes in the absence of monastrol (Figure We conclude that, in solution, the motor domain of Eg5 can
3A, dashed line). Comparison of these difference infrared sample a variety of conformational states, which differ in
data shows clear spectral lines that are only evident whentheir hydrogen bonding of the peptide backbone and which
monastrol is present. In the 1860600 cn1? region, which differ depending upon the available nucleotide.
contains contributions from carbonyls, unique positive lines  Additionally, a striking feature can be seen in the
are observed at 1722 and 1668 ¢nfFigure 3A, solid line) 1750-1680 cm? infrared region: the only amino acid
in the Eg5-monastro-ATP spectrum. There are also fre- residues with fundamental vibrational transitions in the region
guency changes observed between 1655 and 1600ttt are aspartic and glutamic acid®3}, from which the
likely arise from carbonyl modes of the peptide backbone. carboxylic acid G=O stretches generate modes with ap-
Difference FT-IR spectra of caged ADP photolysis in the propriate frequencies. In the Egonastrot-ATP sample,
presence of Eg5 and monastrol do not yield similar changesobservation of a broad, vibrational mode af){726 cnr!
(Figure 3B, solid line) as observed in the presence of caged(Figure 3C) suggests that at least one aspartic or glutamic
adenosine triphosphate. When compared to the controlacid residue in Eg5 is perturbed. The frequency of tlkeOC
difference spectrum of caged ADP photolysis and Eg5 carboxylic acid stretches reflects changes in double bond
(Figure 3B, dashed line), these data exhibit a smaller numbercharacter in the €0 bond as well as alterations in the
of changes in frequency and intensity. Notably, in the basicity of the oxygen 23, 24). Note that there is no
carbonyl infrared region, there are small changes in intensity corresponding mode in Egdnonastro-ADP samples (Fig-
at 1641 cm? (Figure 3B, solid line), and no observable ure 3D, solid line). Calculated €0 modes of monastrol
unique positive modes at 1722 and 1668 ¢mas seen for  are below 1700 cmt (D. Bevan, unpublished results).
the Eg5-monastrot-ATP complex. Therefore, we assign this 1726 chwibrational mode to
Double-difference spectra (Figure 3C,D) are constructed the C=0 stretching vibration of a carboxylic acid, which is
by subtraction of the difference FT-IR spectrum of caged perturbed in human Eg5 upon formation of the Eg5 motor
nucleotide photolysis with Eg5 (Figure 3A,B, dashed lines) domain—-monastrot-ATP complex.
from the difference data of corresponding caged nucleotide Phosphate Region of the Monastrol Binding Spectra.
release for the Egbmonastrol complex (Figure 3A,B, solid  Spectral signatures in the 1360000 cn1? region of these
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1750 1650 1300 1100
FREQUENCY (cm’)

Ficure 3: Difference infrared spectra of caged nucleotide photolysis in the presence of monastrol and Eg5. Shown is-theQIBo@r !

region in panels AD. (A) Caged ATP photolysis in the presence of Eg5. Monastrol was either preincubated with the sajnpieof

to photolysis, or absent(— —). (B) Caged ADP photolysis in the presence of Eg5. Monastrol was either preincubated with the sample
(=), prior to photolysis, or absent-(— —). (C) Eg5—-monastrol binding spectrum upon photolytic cleavage of caged ATP. This-eata (

is a double-difference spectrum of Emonastrot-caged ATP minus Eg5caged ATP. The control double-difference spectrum is shown
as a dotted line. (D) Egbmonastrol binding spectrum upon photolytic cleavage of caged ADP. This daté (a double-difference
spectrum of Eg5monastrot-caged ADP minus Eg5caged ADP. The control double-difference spectrum is shown as a dotted line.
Panels E-H depict the 13361050 cnt? region of panels A D, respectively. Tick marks on theaxis denote 1.5« 102 and 8.8x 1073

AU for the left and right panels, respectively.

biological difference data (Figure 3H) are attributed to binding spectra of caged ATP (Figure 3G) and caged ADP
changes in phosphate groups of nucleotides. However,(Figure 3H). Therefore, we detect interactions between Eg5
spectral features observed in the presence of ATP and ADPand the PG~ terminal group of these nucleotides. Further-
are not identical within this region. Upon photolysis of caged more, the lack of a strong positive mode-aL080 cnt?

ATP, there is a broad, positive mode between 1254 and 1219indicates that there is no net, observed formation of PO
cm1, which is enhanced in the presence of monastrol (Figure by Eg5, upon release of caged ATP.

3E, stippled shading). Comparison of the 14@D99 cn?
spectral region in Figure 3E indicates that both decreasedPISCUSSION

amplitude and vibrational shifts can be observed (solid To obtain novel molecular information about the inhibition
shading) in the presence of monastrol. In contrast, photolysismechanism of monastrol with human Eg5, we have employed
of caged ADP in Eg5monastrol samples yields an increased reaction-induced FT-IR spectroscopy to study the interaction
amplitude of negative modes in the 1261210 cn1! spectral between monastrol, nucleotide, and protein. Vibrational
window (Figure 3F, solid shading) and an increased intensity spectroscopy can yield dynamic information about structural
concomitant with vibrational shifts in the 1167100 cn1? changes occurring in motor proteins. In this initial study,
region (stippled shading). The disparity of the resultant, monastrol and the Eg5 motor domain are incubatedtro,
spectroscopic modifications is highlighted in the monastrol and caged ATP or caged ADP is then used as a photolabile
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trigger for the ternary interaction. Subtraction of caged Insummary, our infrared data do not support the argument
nucleotide-protein contributions results in a double-differ- that Eg5 hydrolyzes ATP in our spectroscopic experiments.
ence spectrum corresponding to the unique structural changedhis is consistent with the low overall ATPase rate of motors
arising solely from the presence of monastrol in the system. in the absence of polymer binding3 14, 30). Therefore,
This report focuses on the first application of these tech- one interpretation for the data herein is that structural changes
nigques, which examine changes within Eg5 in the presenceobserved with caged ATP result from the step in the
of ADP in comparison to those of ATP. nucleotidase cycle of NTP binding to the motor protein. In
Perturbation of Phosphate Interactions with Eg5 in the addition, the presence of monastrol in Eghucleotide
Presence of MonastraExperimental debate about the mech- samples induces vibrational uncoupling of the;P@oieties
anism for phosphoryl transfer reactions, such as ATP or GTP from the terminal P&~ group, and the terminal phosphate
hydrolysis, includes associative, dissociative, concerted, andgroup has an asymmetric localization of charge that is
substrate-assisted arguments. Vibrational spectroscopy camperturbed in the presence of monastrol.
provide detailed, mechanistically important information about =~ Carboxylic Acids Perturbed in the MonastreATP—EQg5
the structures of substrates, cofactors, and even transitionComplex.The 1726 cm® absorbance that is observed only
states, given an appropriate time resolution (for examples,in the presence of both ATP and monastrol, but not notable
see ref25 and26). A prerequisite of this complex, mecha- in ADP and monastrol, is characteristic of carboxylates
nistic dissection is analysis of a complete set of isoto- (Figure 3C). We assign this 1726 chiine to a carboxylic
pomers: isotopic labeling allows clear assignment of vibra- acid in Eg5, as monastrol is theoretically not capable of
tional lines to a chemical species, i.e., P@r PGQ?", and generating such a mode. This is the first direct evidence of
permits detailed examination of the structure of the speciesa structural change of a single amino acid in a motor protein,
in question in conjunction with normal coordinate analysis. upon introduction of the native substrate, ATP. There are
Although use of caged nucleotides was pioneered with the three categories of structural changes that would result in a
ATPase enzymesl6, 27), a larger set of data and highly carboxylic acid contribution to the vibrational monastrol
developed analysis of phosphate modes exist for caged GTRhinding spectrum of Eg5 and ATP. The first type of structural
(25, 26, 28, 29). Our interpretation of the phosphate region change is a modification of the protonation state of the
of the monastrol binding spectra (Figure 4G,H) is therefore carboxylic acid. The second type of structural change is a
based on an amalgam of work published using caged GTPfrequency shift of the &0 stretching vibration, due to the
and caged ATP. perturbation of K, or hydrogen bonding of this group; this
Although our Eg5 motor protein is active in microtubule- would give rise to a derivative-shaped spectral feature in the
stimulated activity assays, we do not expect to observe 1750-1720 cnt? region. The third type of structural change
marked ATP hydrolysis under our spectroscopic conditions. consistent with the monastrol binding spectrum of the ATP
These difference infrared data were acquired in the absenceEg5 complex involves these carboxylic acids ligating mag-
of microtubules, and for Eg5 motor domains, basal rates of nesium, and changes in the ligation of the cation cause a
ATP hydrolysis are~200-fold lower than those stimulated frequency shift of vibrational modes, which can be assigned
by microtubules 13, 14). Observation of HP¢J~ vibrational to the carboxylate ligand3().
modes is expected at 1068 and 992 ¢rim solution (L6), Examination of the Residuesuoived in Monastrol and
and at 1078 and 992 crhin the presence of proteir2§). ATP Binding.Future efforts will be directed toward identi-
Upon photolytic release of caged ATP, we do not observe fication of the specific residue(s) in Eg5 which gives rise to
any evidence favoring the formation of orthophosphate, this spectroscopic signature at 1726 énPerturbation of a
irrespective of monastrol binding (Figure 3G,H). carboxylic acid may result in reversible interaction with
On the other hand, these EgBonastro-ATP samples monastrol, modification of the Mg ligation in the nucleotide
have changes in both frequency and intensity in the phosphatebinding site, inhibition of ATP hydrolysis, and/or long-range
region. A broad series of lines are observed at 126219 conformation changes affecting polymer binding and force
cmtin the presence of ATP and monastrol (Figure 3G, generation. With the goal of establishing candidate carboxy-
stippled shading). Protein interaction with ATP and GTP has late residues in Eg5, we focus separately on conserved
been shown to shift frequencies efand PO,~ moieties residues across selected kinesins and BimC subfamily
from ~1230 Q0) to 1260-1219 cn1? (21, 25, 28). Infrared members (yellow and blue shaded residues in Figure 4,
lines of the terminaly POy?~ (16) between 1160 and 1100 respectively), as well as the biochemical and molecular data
cmt are shifted in frequency in the presence of monastrol on the broader kinesin, myosin, and G-protein families. Of
(Figure 3G, solid shading). Examination of the ADP the sequences shown, including the BimC family, only
phosphate region also shows changes in vibrational modeshuman (HEg5) ancKenopusEg5 (XEg5) are known to be
in both frequency and intensity. The negative 1238 &€m  sensitive to monastroll@, 14).
line (Figure 3H, solid shading) is, therefore, assigned to the  To narrow the list of potential candidate residues, we relied
asymmetric stretching modef of a PO,~ when ADP is on calculations from the CASTp algorithnB83). Two
bound to protein 41, 28). Additional lines at 11361095 solvent-accessible pockets in the ternary structure of Eg5
cmt in the monastrol binding spectrum for ADP (Figure were identified 9): one which cradled the MgADP and a
3H) may arise from termingl PO;>~. Confirmation of these  second which housed monastrol. Each residue in human Eg5,
tentative assignments requires isotopic labeling ofdhe which contributed at least one atom to the surface of the
f-, andy-phosphate group2¥, 28). Given the similarity to monastrol binding site (red outline) and of the ADP binding
other published reports2§, 28), we speculate that these site (green outline), is shown in Figure 4. Residues involved
frequency shifts are likely to arise from variations in charge in monastrol binding are not highly conserved between Eg5
localization. and the other members of the BimC subfamily, which is
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p1 pla p1b p2
—— - — — ——
HEg5 MAS QPNSSAKKKEEKGK-N I QVVVRCRP-FNLAER-KASAHS IVECDPVR--KEVSVRTGGLADKSSRKTYTFD 69
XEgs MSSQNSFMSSKKDDKGK-N I QVWVVRCRP-FNQLER-KASSHSVLECESQR--KEVCVRTGEVNDK LGKKTYTFD 69
Kip&1F MDI SGGNTSRQPQKKSNQN I QVYVRVRP-LNSRER-CIRSAEVVDVVGFR--KEVVTRHT -LDSKLTKK-FTFD 68

BiMC  VLAKRKERDI|EREINEDTS | HYVVRCRG-RNEREVKENSGY YV LQTEGVKGKTVELSMG- - -PNAVSNKTYTFD 69
KiMA == e oeev-e---MAG-ASVKVAVRVRP-FNSREM-SRDSKC | OQMSGST--TTIVNPK - - -QPKETPKSFSFD 52
KHC  -- o= mom oo - MADPAECN | KYMCRFRP - LNATEV -NRGDKYVAKFQGE - - -DTVMIAS - - - - - - - - - KPYAFD 48
DM-Ned - - - RKELHNTVMDLRG- -N|RVFCRIRPPLESEEN-RMCCTWTYHDESTV--ELQSIDA - QAKSKMGQQ | FSFD 65
SCKars - - - RRTLHNELQELRG- -N|RVYCRIRPALKNLENSDTSL I NVNEFDDNS--GVQSMEV TKIQNT AQVHEFKFD &7
p2 ol p3 P a2 L5 insertion loop
- e T e oW o W o (00D ™
HEGS ~ MVF - - ee oo - GASTKQIDVYRSVVCP | LDEVIMGY[CT I FAYGQTGTGKTFTu

XEgS MVF - - ----- - GPAAKQIDVYRSVVCPILDEVIMGYNCTIFAYGQTGTGKT F T|M

AG I 138
AGIT 136

Kip&1F REF - ------ -GPESKQCDVYSVVVSPLIEEVLNGY|NMCTVFAYGQTGTGKTHT|M SDIGI 134
BimC KWF - == m e a - SAAADQITVYEDVVLPIVTEMLAGYNCTIFAYGQTGTGKTY TIMS|HD - - -MTDTLGILSDNBGI 132
Kif1A YSYWSHTSPED INYASQKAQV YRDIGEEMLQHAFEGY|NMVCIFAYGQTGAGKSYTIMM{--- - ----- KQEKDQQG | 118
KHC RVYF - «------QS5STSQEQVYNDCAKKIVKDVLGGY|MGTIFAYGQTSSGKTHT|M == =--=---KLHDPEGMG | 107
DM-Ned QWF - ------ - HPLSSQSD | FEMVS-PLIQSALDGYMICIFAYGQTGSGKTYTMOIH--- - ----- - - VPESVGY 118
SC-Karz KIF-------- DQAQDTNYVDYV FKEVG-QLVQSSLDGY|MVYCIFAYGQTGEGKTFTML - - - - - M------- PG-DG| 120

a2 p4 B3 psa psb

. T oY W —— —
HEgS IFIRTLHQIF- - -EKLTDNGTEFSYV LIEIYNEELFDLLNPS----5D--VSERLQMF DBP/RMK - -|R] KG 198
XEgs IFIRTLHQIF- - -EKLSEIGTEFSY LIEI YNEELFDLLSPS----FD--VGERLQMFD F‘K--KG 168
KipE1F IFIRALSHLF- - -DELRMMEVEYTMR | LIELYNEELCDLLSTD- ---- D---TTKIRIFDBRSTKK - - QG 194
BimC IFIRVLYSLF- - -AKLADT - - ESTV|K|GEFIELYNEELRDLLSAE----EN----PKLKIYDNEQKKGHMSTLVAG 193
Kif1A |IFJQLCEDLFSR INDTTNDNMSYSY ! YME| YCERVRDLLNPK- -« ----- MKGNLRYV REHPL - -LPYVED 180
KHC IFR I VAQDIFNY IYSMDEMN- L EFH I|K YFEIYLDKIRDLLDVS - ---------- KTNLSVHEDEN——VPYVKG 167
DM-Ned I:'RT\-"DLLFDSIRGYRNLGWEYEIKATFmEIYNEVLYDLLSNE———QKD —————— MEIRMAKN|HK——NDIYVSN 182
SC-Kar3 I?’STISHIFNWINKLKTKGWDYKVNCEFIEIYNENIVDLLRSDNNNKEDTSIGLKHEIRH.QETK--TTT|I|TN- 160
i8] po B7
[, W W W W ———— ————

HEg5 LIEE | TVHNKDE V|Y|Q I|L|EKJ A VITIIHMKETT ID-GEE LV K| I|HK DILAGSEN 271
XEgs LIEE | SYHNKD E v|Y[Q I{L|E £ =l VTIIMKETTID—GEELVK €l DLAGSEN 271
KipE1F LIEE | PYHES KD D V|Y|K L{L|E IVVIHH I RENG |E-GEEML K| I|&* DLAGSEN 267
BimC MEBTY I IDSATAGI|KLLQQAG TI|I|VNIKRTTES-GEEYVC-’.’ DILAGSEN 266
Kif1A II[SKLAVTSYND |QDLMDEGEN KA NI IFTQKRHDAETNITTEK VS DLAGSER 254
KHC CTERFVCSPDEVMDT IDEFK SN - -LINVKQENTQ--TEQK L 1 DLAGSEK 237
DM-Ned ITIETVLDPNHLRHLMHTAKMN RISHA/VIT - -KLEL IGRHAE- -KQE | & DLAGSE- 251
SC-Kar3 VTSCKLESEEMVEI I[KKANKL|RSTASTAS S[I[A- -1 1[HLsGSNAKTG- -AHS DLAGSER 260

ad as p8

T aY o W W W W e Y o W o W —
HEgS IGRSG-AVDKRAREAGNINQSLLTLGRVITALVER- - - --- - ----- TPHVPYRESKLTRILQISLGG RTS | 332
XEgS IGRSG-AVDKRAREAGNINQSLLTLGRVITALVER- - - --- - ----- APHIPYRESKLTR ILQBS L GG KT8 332
Kip&1F VSKAGNEKGI RVRETYNINQSLLTLGRY ITALVDR- == === = == - -« APHVPYRESKLTRLLQES L GG KTS | 329
BimC IGRSG-AENKRATEAGLINKSLLTLGRVINALVDK ------------ SQHIPYRESKLTRLLQ.SLGG KTC I 327
Kif1A ADSTG-AKGTRLKEGANINKSLTTLGKY I SALAEMDSGPNKNKKKKKTDF IPYRDSVLTWLLRENL GGNSRTAM 327
KHC VSEKTG-AEGAV LDEAKNINKSLSALGNY I SALAEG- ---=-= = == - - - STYVF‘YRDSKMTRILO.SLGGNCRTTI 298
DM-Ned ---SP-KTSTRMTETKNINRSLSELTNVILALLQK------------ QDHIPYRNEKLTHLLMPS LGGNSKTLM 309
SC-Kard INVSQ-VVGDRLRETQNINKSLSCLGDVIHALGAQPDS - --- - - - - - TKRHIPFRNSKLTY LLAQYSL TGDSKTLM 324

B8 a6 :
O neck linker

HEg5 IAT | SPASLNLEETLSTLEY AHRAKNILNKFEVNQKLT 370
XEgs IATVSPASINLEETMSTLDY ASRAKNIMNKFEVNQKLT 370
KipE1F IAT | SPGHKD | EETLSTLEY AHRAKNI QNKFEVHNQKLT 367
BimC IAT | SPARSNLEETISTLDYAFRAKNIRNKPQINSTMP 365
Kif1A VAALSPADINYDETLSTLRYADRAKQIRCNAVINEDPHN 365
KHC VICCSPESSEYNESETKSTLLFGQRAKT I KNTYVCVNVELT 336
DM-Med FINY SPFQDCFQESVKSLRFAA-------- - SVN---- 335
SC-Kar3 FVN I SPSSSH | NETLNSLRFAS---=-=---- KVN---- 350

Ficure 4: Analysis and identification of residues that line pocket surfaces for monastrol and ADP binding in Eg5. Shown is a CLUSTAL
sequence alignment of human Eg5 (HEg@&nopusEg5 (XEg5), aDrosophilaEg5 homologue (KIp61F), aAspergillusEg5 homologue

(BimC), human monomeric kinesin (Kif1A), the human kinesin heavy chain (KHC)Dtlesophilaminus end-directed motor (Ncd), and

the Saccharomycelcd homologue (KAR3), with appropriate notation of secondary structures found in humaB)EGbiiserved residues

across all kinesins are shaded in light yellow, and those conserved within the Eg5 ®B)railg §haded in light blue. Defined by PROCHECK,
secondary structural elements are labeled, as defined for conventional ki#@siSwitch 1 and switch 2 regions of Eg5 are boxed in

black lines. Using CASTp32), residues which contribute at least one atom to the surface of the ADP binding pocket were identified and
are boxed in green. Amino acids which comprise the surface of the monastrol binding pocket were identified and are boxed in red. Candidate
residues that are observed in the infrared data shown herein are highlighted with a red or green background, if found in the monastrol- or
ADP-binding pocket, respectively.

expected, given the specificity of the mitotic inhibitdr3( work. Difference infrared measurements do not preclude
14). Candidate carboxylic acids, which give rise to our measurement of a series of long-distance, propagated,
observed spectroscopic signatures, can be defined on thestructural changes; however, at first approximation, we favor
basis of the information given above. There are 48 carboxylic residues which have potentially reactive, side chain oxygens
acid residues in the truncated, human Eg5 utilized in this at the surface of the monastrol- or ADP-binding pockets.



Accelerated Publications Biochemistry, Vol. 43, No. 31, 2008947

These initial candidates are Glu116 in the monastrol-binding The conclusions from our vibrational data are consistent
pocket (Figure 4, filled red box) and Asp187, Glu201, and with observations of the crystal structure determination of
Asp322 in the ADP-binding pocket (filled green boxes) of Yan et al. (9). The motor domain of Eg5, bound with
the human Eg5 motor domain. monastrol and MgADP, displayed a number of unique con-
In contrast to the nonconserved candidate residues gleanedormational changes in the motor domaf).(An induced-
above from the CASTp analysis, biochemical and molecular fit pocket for the allosteric inhibitor was generated by
data on kinesin, myosin, and G-protein families provide other movement of the insertion loop (L5, Figure 4). In the
information that needs to be taken into consideration for the presence of monastrol, there is not only a change in the
conserved carboxylate residue(s), which may be perturbed.spatial configuration for this insertion loop but also a
For example, in kinesins, myosins, and G-proteins, there aremodification of the regional temperature factor, from rela-
two conserved carboxylic acids in the homologous switch tively high to fairly low. Furthermore, the conserved
Il region. Asp265 in HEQ5 is critical for stabilizing the active sequence of switch 1, responsible for nucleotide binding and
site M@ ion (33, 34), and Glu270 may be involved in a observed as a loop in the MgABHREQ5 binary crystal

salt bridge with an invariant arginine in switch3g, 36). A structure 8), is converted to a short helix in the ternary
conserved Glu345 in the kinesin family has been implicated complex ©). Taken together, X-ray diffraction data and the
in phosphate release or conformational transiti®r).( infrared data herein characterize a decrease in conformational

Disparity in Changes of Eg5 Secondary Structure upon mobility and an increase in-helical content in the Eg5
Binding of Monastrol and the Nucleotid8pectral compo-  monastrot-ADP complex.
nents in the infrared amide | region can be assigned to Itis important to recognize that photolytic release of ATP,
specific forms of secondary structure elemeB8&; 89), based versus ADP, leads to a very different set of changes in the
on studies of proteins with known structure40{42). secondary structure of Eg5 in the presence of monastrol. In
Infrared analysis is most reliable in the assignmeifi-tiheet theory, motor proteins must be able to sense a relatively small
(38, 42, 43). Spectral components at 1670690 cnt! and change in charge localization, the presence of eithefthe
at 1635-1620 cm'l, derived by transition dipole coupling, or y-phosphate, in the active site. In the EgBonastrot-
have also been assigned fiesheet 44). When proteins  ATP samples, there are two negative lines at 1654 and 1626
contain predominanth3-sheet, a maximum around 1634 cm%, as well as two positive lines at 1668 and 1637 &m

cm~! and a strong shoulder at 1660 chare observed4Q); (Figure 3C). These spectral components are assigned to
these infrared components are assigned to turns in the proteir-helical and3-sheet structures, respectively. Therefore, the
backbone 38, 39). Eg5—monastrot-ATP complex is associated with a decrease

Assignment ofx-helical content by IR spectroscopy is not in a-helical content and an increasefirsheet content. We
as unequivocal. In the 16301620 cnm! region, potential propose that the EgSATP complex samples a previously
spectral contributions from botirhelices angi-sheets may  unobserved ternary complex for this mitotic kinesin, one that
overlap. However, assignments between these structures cais modified in the presence of monastrol.
be discriminated from each other,@helical structures also A leading candidate for the structural change we detect
contribute an intense spectral component at 1650'cm  upon formation of the Eg5monastrot-ATP complex is the
Assignments oét-helical structures are most often correlated distal region of switch Il (residues 26270 and helixa4,
to this 1650 cm? contribution @5, 46). In addition, loops Figure 4), which is the onlya-helical site found to be
or turns can generate spectral components in the vibrationalpartially disordered in the Egimonastrot-ADP crystal
region near 1650 cnt (43, 47). Infrared contributions near  structure 9). The switch Il helix is a key structural element
1640 cm* are frequently ascribed to conformational mobility linking the catalytic site, the polymer-binding site, and
or irregularity in the secondary structure of proteid8, 39). mechanical elements of motor proteins. From crystal-

Given the vibrational studies employed to assign secondarylographic data of G-proteins and kinesins (reviewed in refs
structure to proteins and supporting data from other spec-11, 12, and48), it has been shown that switch Il helices are
troscopic methods listed above, it is possible to analyze thedynamic structures that can access different conformations
1690-1620 cm?® region of the monastrol binding spectra in a single nucleotide state, and that the region between
for net changes in the secondary structure of Eg5. In switch Il and its subsequent helix is often disordered.
particular, Eg5-monastroi-ADP samples show changes in  Precedent also exists for the appearance of fisheet
this region compared with the Eg8\DP complex alone: a  content in kinesin. Formation of partidlstructures and turns
(—)1641 cm? line that is normally present in Eg5ADP has been observed in a kinesin in a complex with AMP-
samples is replaced by-§1660 and 1624 cnt lines in the PCP and in rat kinesin: switch | assumes a pseithairpin
presence of monastrol (Figure 3D). These modes are assignedtructure, and the neck linker region forffisstrands that
to random andb-helical structures, respectively. Therefore, interact with the motor core, respectivelg].
exchange of ADP with Eg5 in the presence of monastrol is  In summary, these results are the first direct observation
associated with a decrease in random structure and aof dynamic variation in nucleotide-dependent, conformational
corresponding increase im-helical content. We conclude states of the human Eg5 kinesin motor structure. This
that binding of nucleotides leads to changes in the secondaryapplication of reaction-induced vibrational spectroscopy
structure of Eg5 in the presence of monastrol. These changeslelineates conformational changes in the peptide backbone
observed in the Egbmonastro-ADP complex are not  and interactions with substrate phosphate moieties during the
restricted to the nucleotide-binding domain. It may be nucleotidase cycle in motor proteins. Furthermore, definition
possible, in the future, to utilize selective isotope labeling of the structural changes at the level of a single amino acid
to attribute the observed changes in secondary structure tan this work will mark a starting point for future studies,
specific domains or residues. focused on identification of the position and chemical
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interaction of the carboxylic acid in monastrol inhibition of
Eg5. Future insight into this Egimonastrot-ATP complex

may shed light on the mechanism of energy transduction by

Egb5.
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