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Eg5/KSP is the kinesin-related motor protein that generates
the major plus-end directed force for mitotic spindle assembly
and dynamics. Recent work using a dimeric form of Eg5 has
found it to be a processive motor; however, its mechanochemi-
cal cycle is different from that of conventional Kinesin-1.
Dimeric Eg5 appears to undergo a conformational change
shortly after collision with the microtubule that primes the
motor for its characteristically short processive runs. To better
understand this conformational change as well as head-head
communication during processive stepping, equilibrium and
transient kinetic approaches have been used. By contrast to the
mechanism of Kinesin-1, microtubule association triggers ADP
release from both motor domains of Eg5. One motor domain
releases ADP rapidly, whereas ADP release from the other
occurs after a slow conformational change at�1 s�1. Therefore,
dimeric Eg5 begins its processive run with both motor domains
associatedwith themicrotubule and in thenucleotide-free state.
During processive stepping however, ATP binding and poten-
tially ATPhydrolysis signals rearward head advancement 16 nm
forward to the next microtubule-binding site. This alternating
cycle of processive stepping is proposed to terminate after a few
steps because the head-head communication does not suffi-
ciently control the timing to prevent both motor domains from
entering the ADP-bound state simultaneously.

Eg5 is a homotetrameric Bim C/kinesin-5 family member
that plays a vital role in the mitotic spindle and has attracted
substantial interest as a potential target for chemotherapeutic
agents in cancer treatment (1–9). Eg5, aswith othermembers of
this subfamily, provides a plus-end directed force necessary to
both assemble and organize themitotic spindle and contributes
tomicrotubule (MT)2 flux (10–30). If Eg5 function is disrupted

prior to anaphase B, the bipolar spindle will collapse into a
monoaster from which the cell can no longer divide.
To some extent, the mechanochemistry of dimeric Eg5

appears like conventional Kinesin-1 (referred to as kinesin
herein) in that it alternates catalysis on its motor domains to
step processively along a MT (31–35) However, dimeric Eg5
only takes 8–10 steps on average (36–38), whereas conven-
tional kinesin can take hundreds (39, 40). The mechanochem-
ical cycle of kinesin is tuned such that it can step processively as
soon as the first motor domain touches the MT track. In con-
trast, Eg5 requires a slow conformational change after MT col-
lision to establish the intermediate poised to begin the proces-
sive run (35, 41). The velocity of Eg5 stepping is controlled by
the rate of ATP hydrolysis, yet the rate of phosphate release
determines the velocity of kinesin (35, 42). These initial studies
indicate that the head-head communication used by Eg5 to
establish and regulate a processive run is novel, suggesting that
Kinesin-5 motors have additional mechanistic requirements
that are not yet fully understood.
In this study, equilibrium and transient state kinetic

approaches have been used to specifically address the mecha-
nistic events that must occur to establish and coordinate the
processive stepping of Eg5. This study has revealed that dimeric
Eg5 begins a processive run from a nucleotide-free state with
bothmotor domains associated with theMT.Once in a proces-
sive run, ATP binding with ATP hydrolysis signals rearward
head advancement for the next step.Dimeric Eg5 processivity is
proposed to terminate after a few steps because the head-head
communication does not sufficiently control the timing to pre-
vent both motor domains from entering the ADP-bound state
simultaneously.

EXPERIMENTAL PROCEDURES

Standard Conditions—The experiments were performed at
25 °C in ATPase buffer: 20 mMHepes, pH 7.2, with KOH, 5 mM
magnesium acetate, 0.1 mM EDTA, 0.1 mM EGTA, 50 mM
potassium acetate, 1 mM dithiothreitol. The MTs were stabi-
lizedwith paclitaxel (Sigma) inMe2SO. For allmantAXP exper-
iments, a racemate (Invitrogen) was used. Unless otherwise
noted, mantAXP was excited at �ex � 360 nm, and emission at
450 nm was monitored using a 400 nm long pass filter. Mono-
meric and dimeric Eg5 protein concentrations are reported as
single motor domain or active site concentrations.
Cloning of R234K—ApRSETa plasmid with sequence encod-

ing the first 513 amino acids of the human EG5 gene and a
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C-terminal His5 tag was used as the template (36, 43). PCR
site-directedmutagenesis using primers 5�-GCATACTCTAG-
TAAGTCCCACTCAGTTTTC-3� and 5�-GAAAACTGAGT-
GGGACTTACTAGAGTATGC-3� was performed to mutate
arginine 234 to lysine. Following PCR, the template was
digestedwithDpnI, and the PCRmixturewas used to transform
the Nova Blue cell line (EMD Chemicals, Inc.). Sequence-con-
firmed plasmids were transformed into the BL21-CodonPlus
(DE3)-RIL cell line (Stratagene) for protein expression.
Protein Purification—Eg5-513 was purified byMT affinity as

described (43). The R234K mutant was purified by a two-step
column chromatography method utilizing S-Sepharose ion
exchange followed by Ni2�-nitrilotriacetic acid affinity as
described (44). Eg5-367NF was purified by column chromatog-
raphy as described by Cochran and Gilbert (45). Protein con-
centration was determined using the Bio-Rad protein assay
with IgG as the protein standard.
Nucleotide-free Eg5-513—Twomethods were used to gener-

ate nucleotide-free Eg5-513NF. One method is the treatment of
the motor with apyrase (0.02 units/ml; grade VII, Sigma) as
described (35). This apyrase isoformcatalyzes the conversion of
ADP to AMP predominantly. The affinity of Eg5-513 for AMP
is so weak that apyrase treatment effectively generates a nucle-
otide-free state for Eg5. Steady-state experiments were per-
formed using [�-32P]ATP or [�-32P]ADP to monitor the
apyrase reaction and kinetics. At the conditions of the Eg5
kinetic experiments, the rate of apyrase conversion of
[�-32P]ADP to [�-32P]AMPwas 0.01 s�1, and the conversion of
[�-32P]ATP to [�-32P]ADPoccurred extremely slowly at 0.0002
s�1. Thus, the apyrase does not compete with the Eg5 ATPase
kinetics being measured. For the second approach, Eg5-513NF
was obtained by supplementing existing protein stocks with 6
mM EDTA followed by gel filtration using a Bio-Spin P-30 col-
umn (Bio-Rad) equilibrated in ATPase buffer lacking magne-
sium acetate and supplemented with 6 mM EDTA. The
excluded protein was subjected to a second round of gel filtra-
tion in ATPase buffer to remove the EDTA and to adjust the
solution back to standard conditions with 5 mM magnesium
acetate. Both protocols to obtain nucleotide-free Eg5-513NF
yielded kinetics that were indistinguishable experimentally.
Quantification of Tightly Bound ADP by Gel Filtration—Ki-

nesin motors are purified with ADP bound at the active site;
therefore, the strategy of this assay is to use gel filtration to
quantify the concentration of tightly bound [�-32P]ADP that
partitions with Eg5-513 protein (46). Briefly, a 200-�l reaction
containing 20�MEg5plus 1�l of [�-32P]ATPwas incubated for
90 min. Three 60-�l aliquots were each applied to Bio-Spin-
P-30 columns followed by centrifugation. Free ADP and
[�-32P]ADP were included in the resin pores, yet the protein
with its tightly bound [�-32P]ADP eluted in the void volume.
The volume and protein concentration of the void volumewere
determined. The concentration of [�-32P]ADP partitioning
with Eg5 after gel filtrationwas determined by spotting aliquots
of 1, 2, and 5 �l from the void volume and the starting 200-�l
reaction onto thin layer chromatography plates and quantified
using a PhosphorImager. Dimeric kinesin K401 and ovalbumin
were used as control proteins (46). The ovalbumin 200-�l reac-

tion was supplemented with 20 �M MgADP to evaluate non-
specific [�-32P]ADP partitioning with ovalbumin.
MantADP Titration of Eg5-513 Sites in the Absence of MTs—

Equilibrium titration of nucleotide-free Eg5-513NF (EDTA
treatment) and Eg5-367NF (0.3–4 �M motor) with mantADP
was performed using a FluoroMax-2 spectrofluorometer with
magnetic stirring capability (Jobin Yvon-Spex Instruments
S.A., Inc). Data were collected using the DataMax software
program. The sample was excited at 290 nm, and mantADP
emission was monitored at 445 nm. For each mantADP con-
centration, three trials with an integration time of 1 s were
collected and averaged. Both the volume of the sample and
the motor active site concentration were constant. The total
mantADP concentration was determined for each point i as
shown in Equation 1,

�V � v� � �Mi � 1 � v � m�/V (Eq. 1)

whereV is the total volume of the sample;Mi � 1 is the concen-
tration of the sample at the previous point; v is the volume being
added, andm is the concentration of the mantADP stock being
added. The measured fluorescence intensity was corrected for
the inner filter effect (47):

Fi,c 	 Fi,obs � 100.5� Absi,ex � Absi,em� (Eq. 2)

where Fi,c is the corrected fluorescence intensity; Fi,obs is the
observed fluorescence intensity; and Absi,ex and Absi,em are the
absorbance of the sample at point i at the excitation and emis-
sion wavelengths. The contributions of free mantADP in the
buffer solution were subtracted, and the data were fit to either a
hyperbola or sum of two hyperbolas (47).
MantADP Release from Head 1 and 2 of Dimeric Eg5—Eg5-

513 or R234K was incubated with a 5-fold molar excess of
mantADP for 4 h and then subjected to gel filtration to remove
ADP and excess mantADP. The protein concentration of the
column void volumewas determined using the Bio-Rad protein
assay. MantADP was then added back to the column void to
ensure mantADP was bound at both active sites. The resultant
Eg5�mantADP complex was mixed in the KinTek SF2003
stopped flow (KinTek Corp.) with MTs plus 1 mM MgATP. A
fluorescence decrease was monitored, and the observed expo-
nential rates were fit to a hyperbola (Fig. 2). To determine the
kinetics of mantADP release from the high affinity site, the
experiment was repeated using the Eg5�mantADP complex
obtained after gel filtration. Typically, �60% of the sites were
labeled with mantADP.
MantATPBinding to Eg5-513NF in the Absence ofMTs—Eg5-

513 or apyrase-treated Eg5-513NF was mixed with mantATP in
the stopped flow (Fig. 3). Final concentrations are as follows: 0.5
�M Eg5-513, 0.0005 units/ml apyrase, and varying mantATP.
The observed exponential rates of the fluorescence increase
(�ex � 290 nm, �em � 450 nm, and 400 nm long pass filter) were
fit to a hyperbola.
MantATP Binding during “The Race”—To determine the

sequence of events that occurs prior to the slow conformational
change, a stopped-flow experiment was designed and referred
to here as The Race. Syringe 1 contained Eg5-513, apyrase-
treated Eg5-513NF, or Eg5-367NF. Syringe 2 containedMTs and

Dimeric Eg5 Cooperativity

JANUARY 25, 2008 • VOLUME 283 • NUMBER 4 JOURNAL OF BIOLOGICAL CHEMISTRY 2079

 at U
niversity of P

ittsburgh on January 18, 2008 
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org


mantATP. After rapid mixing in the stopped flow, the fluores-
cence enhancement of mantATP binding to the active site was
monitored (Fig. 3).
MantATP Binding to the MT�Eg5-513NF Complex under Sin-

gle Turnover Conditions—AMT�Eg5-513 complex was treated
with apyrase and mixed in the stopped flow with mantATP.
Final concentrations are as follows: 15�MEg5-513, 25�MMTs,
1 �M mantATP (Fig. 4).
MantADPRelease duringMotor Stepping—AMT�Eg5-513NF

complex was supplemented with mantATP immediately prior
to loading the complex in the stopped flow. The time required
to load the stopped-flow instrument was sufficient for Eg5-
513NF to bind mantATP, hydrolyze the nucleotide to
mantADP�Pi, and release Pi (35). The resultant MT�Eg5-
513�mantADP complex was then rapidly mixed with MgATP,
MgADP, MgATP�S, or MgAMPPNP. Final concentrations are
as follows: 15�MEg5-513, 25�MMTs, 1�MmantADP, 500�M
MgAXP (Fig. 5). The ATP-promoted observed rates of
mantADP release were fit to a hyperbola.
MantATP Binding to the MT�R234K Complex—A MT�Eg5-

513 complex was treated with apyrase and then rapidly mixed
in the stopped flow with mantATP. Final concentrations are as
follows: 0.5 �M R234K/8 �M MTs for 0.5–4 �M MgMantATP
and 2�MR234K/8�MMTs for 4–50�MMgMantATP (Table 2
and supplemental Fig. S2). The data were fit to the following
equation (Equation 3),

kobs�Kakmax�mantATP	/�Ka�mantATP	 � 1�� � koff (Eq. 3)

where Ka represents the equilibrium association constant, kmax
is themaximum rate constant of theATP-promoted isomeriza-
tion that forms the tightly bound mantATP intermediate that
proceeds to ATP hydrolysis, and koff is the dissociation of
mantATP. The K1⁄2,MantATP � 1/Ka, and Kakmax represents the
second-order rate constant for substrate binding.
Modeling the Kinetics of the Processive Run—The linear

kineticmodel in the inset of Fig. 6was constructed to attempt to
reproduce the time course of mantADP release during the pro-
cessive run shown in Fig. 5A. We followed the initial concen-
trations in time until the point where mantADP was released
and the signal quenched. Experimentally, the system is pre-
pared such that the predominant species is state E5 (Fig. 6).
However, the fluorescence decay in the absence of ATP sug-
gests that some dimers have ADP bound at both heads and are
in state E0. After several seconds all curves in Fig. 5A asymptote
to a value that is nearly constant on the time scale of the exper-
iments; therefore, we assume that a fraction of the initial
fluorescence signal is constant over time and that the ampli-
tude of this fraction depends on the experimental ATP con-
centration. There are five free rate constants in the model:
k2, k3, k4, and k5. The rate constant k5 is a composite rate for
species in state E0 to bind to MT, release mantADP, and
enter state E2. The concentration-dependent rate of ATP
binding to the nucleotide-free head was determined previ-
ously by the ATP binding kinetics presented in Ref. 35,
where Equation 4 was based on Equation 3,

k1 	 54 s�1 � 0.11�M
�1 �ATP	/��0.11 �M

�1 �ATP	� � 1�

(Eq. 4)

The initial concentration of molecules in states E5 and E0 and
the value of the constant background fluorescence provided
two more free parameters per curve in Fig. 5A. We systemati-
cally searched for a single set of rate constants that described all
of the curves in Fig. 5A. For each set of initial conditions and a
given ATP concentration, the kinetic model was solved using

FIGURE 1. MantADP titration of Eg5 motors free in solution. Titrations of
nucleotide-free monomeric and dimeric Eg5 motors were performed at con-
stant volume and motor concentration. A, 300 nM monomeric Eg5-367NF was
titrated with mantADP. The resultant increase in fluorescence was best fit by
a single hyperbola yielding an apparent Kd,mantADP � 1.2 
 0.1 �M. B, 300 nM

dimeric Eg5-513NF was titrated with mantADP. The resultant increase in fluo-
rescence was best fit by a sum of two hyperbolas yielding an apparent
Kd,mantADP � 0.62 
 0.14 �M for the initial phase. C, 4 �M dimeric Eg5-513NF
was titrated with mantADP. The resultant increase in fluorescence was best fit
by a single hyperbola yielding an apparent Kd,mantADP � 3.3 
 0.1 �M.

TABLE 1
ADP bound to Eg5-513 after gel filtration

Protein ADP (�M)/active site (�M) Range
Eg5-513 0.64 
 0.01 0.62–0.66
Dimeric kinesin K401 0.92 
 0.02 0.83–1
Ovalbumin 0.01 
 0.002 0.001–0.013
Eg5-513 � 1 mM MgADP 0.59 
 0.04 0.44–0.74
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the ordinary differential equations function ODE15 in Matlab.
This was repeated for all six transients, and the root mean
square differences of the model solution versus the experimen-
tal data were calculated for each curve. The root mean square
difference was then used as a fitness function in a Nelder-Mead
search algorithm to determine the parameter set that maxi-
mized the goodness of the fit (48). Initial rates and values were
chosen from a reasonable domain with a random number gen-
erator, and well over 100,000 sets of parameters were searched.
The best fit is shown in Fig. 5C, and the corresponding values
are presented in the legend of Fig. 5.

RESULTS

Our initial kinetic analysis of Eg5-513 suggested that steady-
state ATP turnover by dimeric Eg5 is governed by a slow struc-
tural transition (35, 43). This slow conformational change
occurs after collision with the MT but prior to processive step-
ping (35, 36). To dissect the sequence of events required to
establish the processive run, an analysis of Eg5-513 in the
absence of MTs was pursued to assess whether the motor
domains of the Eg5 dimer were identical in their affinity for
ADP as observed for dimeric kinesin K401. Gel filtration and
mantADP titration experiments were used to examine theADP
affinity.
Eg5-513 Has an Asymmetric ADP Affinity while Free in

Solution—Eg5-513 was incubated with trace [�-32P]ATP to
exchange the ADP that copurifies with the motor with
[�-32P]ADP after hydrolysis and subjected to gel filtration.
Only [�-32P]ADP tightly bound to the active site will accom-
pany the motor through the column. Table 1 shows that 64%
of Eg5 active sites retained ADP, whereas dimeric kinesin
K401 held ADP at almost all of its sites (92%), consistent with

previous reports (49, 50). Ovalbumin showed very low non-
specific binding of [�-32P]ADP as expected for a protein
without a nucleotide-binding site. Furthermore, when Eg5-
513 was incubated with an additional 1 mM MgADP prior to
gel filtration, additional active sites were not observed to
contain ADP (Table 1).
These data lead to two possible interpretations. 1) There is a

distinct difference in affinity for ADP between the two motor
domains of the dimer, or 2) the affinity for ADP at each site is
similar, and the gel filtration result reflects a shared ADP affin-
ity. To distinguish between these two possibilities, mantADP
titration experiments were performed, comparing monomeric
and dimeric Eg5 motors (Fig. 1). The mantADP binding curve
for monomeric Eg5-367NF at 300 nM was monophasic with an
apparentKd,mantADP � 1.6�M (Fig. 1A). In contrast, titration of
dimeric Eg5-513NF at 300 nM reveals a biphasic binding curve
with an apparent Kd,mantADP of 0.5 �M for the higher affinity or
tighter site (Fig. 1B). To obtain a more accurate dissociation
constant for the weaker site, titrations were performed at 4 �M

Eg5-513NF. The biphasic appearance of the mantADP binding
is lost at the higher enzyme concentration, and the fit of the data
provides an apparent Kd,mantADP � 3.3 �M for the second site
that binds ADP more weakly (Fig. 1C).
These results indicate that dimeric Eg5 in solution shows an

asymmetry in nucleotide affinity in that one head holds ADP
tightly, whereas the partner head binds ADPmore weakly. This
is an intriguing observation because it implies that there is
head-head communication in the Eg5 dimer prior to its inter-
action with the MT. Furthermore, we find that half-site behav-
ior of dimeric Eg5-513 consistently shows �60% high affinity
sites rather than the 50% expected for a homogeneous popula-

TABLE 2
Dimeric Eg5-513 and R234K constants based on model presented in Fig. 6

Experimentally
determined Eg5-513

Experimentally
determined Eg5-R234K

Intrinsic
constants Eg5-513a

MT�Eg5 association
k�1 2.8 
 0.2 �M�1 s�1 b 26 
 2.3 �M�1 s�1

k�1 9.7 
 1 s�1 24 
 13 s�1

ADP release head 1
k�1 28 
 0.5 s�1 20 
 0.9 s�1

Slow structural transition
k�2 �1 s�1 �1 s�1 1.2 s�1

ADP release head 2
k�2 0.62 
 0.04 s�1 0.79 
 0.04 s�1

Mant-ATP bindingc
K3k�3� 5.8 �M�1 s�1 b 8.4 �M�1 s�1

k�3� 54 
 3 s�1 77 
 3.0 s�1

K1⁄2,mant-ATP 9.4 �M 9.1 �M

ATP hydrolysis
k�4 5–10 s�1 b 0.08 
 0.003 s�1 10.7 s�1

PI release coupled to
Rearward head 6.6 
 3 s�1 b NDd

Detachment k�5 K1⁄2,ATP� 5.4 
 1.3 �M

Steady-state parameters
kcat 0.5 
 0.02 s�1 e 0.02 
 0.01 s�1

Km,ATP 7.9 
 2.4 �M ND
K1⁄2,MT 1.8 
 0.2 �M ND

a Data are based on computer modeling.
b Data are from Krzysiak and Gilbert (35).
c Data are from Equation 3.
d NDmeans not determined.
e Data are from Krzysiak et al. (43).
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tion with one tight-binding site. This result may be due to the
difficulty in obtaining an accurate protein determination, a
population averaging effect in which some dimers exhibit a
conformation that would hold ADP tightly at both sites, and/or
the result of the equilibrium that results with a high ADP affin-
ity site and a low ADP affinity site.
Head-Head Communication and MantADP Release—Our

previous study of mantADP release kinetics indicated biphasic
releasewith the first exponential phase at 28 s�1 and the second
phase at 0.5 s�1 (35) (Table 2). These data are consistent with a
model inwhich the initial exponential phase represents the first
motor head colliding with the MT followed by mantADP
release, and the second slower phase represents mantADP
release from the second head but after the slow conformational
change that was limiting steady-state ATP turnover. Interest-
ingly, in this previous study, we also observed that the rate of
mantADP release from the secondhead appeared to be depend-

ent upon the concentration of MTs
in the experiment (see Fig. 8 in Ref
35). This observation suggests that
the head-head communication for
Eg5 may be different from the sig-
naling mechanism for kinesin in
which MT concentration only
affects the rate of mantADP release
fromhead 1, and it isATPbinding at
kinesin head 1 that triggers forward
stepping and mantADP release
from head 2 (33–35, 51, 52).
To explore what defines the sig-

nal for the second motor domain to
bind the MT and release its ADP in
Eg5, we devised a series of experi-
ments that looked carefully atmant-
ADP release from each head of the
Eg5 dimer. We engineered an Eg5-
513 mutant, R234K, that was defec-
tive for ATP hydrolysis, yet with the
other steps in the ATPase cycle rel-
atively similar to wild type Eg5-513
(Supplemental Material and Table
2). Eg5-513 or R234Kwas incubated
with mantADP either to label both
sites with mantADP or to label
one site with mantADP. The
Eg5�mantADP complex was then
rapidly mixed in the stopped-flow
instrument with MTs plus MgATP,
and the kinetics ofmantADP release
were monitored (Fig. 2, A and B).
When both heads of the dimer were
labeled with mantADP, the kinetics
were biphasic for both Eg5-513 and
R234K. To measure the mantADP
kinetics from the high affinity site of
the dimer, gel filtration was used to
remove weakly bound mantADP.
Upon collision with MTs, the mant-

ADP release kinetics were also biphasic, but the slower second
phase predominated with the initial rapid phase representing
only a small fraction of the total amplitude (Fig. 2,A and B). Fig.
2C shows for R234K that the rate of mantADP release from
head 1 uponMT collision increased as a function of increasing
MT concentration, kmax � 20 s�1, which is similar to the rate of
mantADP release obtained for wild type Eg5-513 at 28 s�1

(Table 2) (35). To evaluatewhetherATP and/orATPhydrolysis
signaled head 2 to bind theMT as observed for dimeric kinesin
(33, 34), Eg5-513 and R234K were labeled with mantADP fol-
lowed by gel filtration to generate the Eg5 dimerwithmantADP
only on the high affinity site of head 2 (Fig. 2D). Eg5 was rapidly
mixed in the stopped-flow with 25 �M MT plus MgATP, and
the kinetics of mantADP release from head 2 were monitored.
Surprisingly, the rate did not change for either Eg5-513 or
R234K as a function of ATP concentration, suggesting that
ATP binding or ATP hydrolysis did not modulate mantADP

FIGURE 2. ADP release from head 2. The Eg5-513�mantADP or R234K�mantADP complex was preformed with
mantADP on both motor domains (1:1) or predominantly on one motor domain (1:0.6). The complex was then
rapidly mixed in the stopped-flow instrument with MTs plus MgATP. A, representative transients of Eg5-513
mantADP release. (Final mixture: 2 �M Eg5-513, 10 �M MTs, 500 �M MgATP.) B, representative transients of
R234K mantADP release. (Final mixture: 2 �M R234K, 4 �M MTs, 500 �M MgATP.) C, observed rates for
R234K�mantADP of the initial fast phase plotted as a function of MT concentration: kmax � 20.4 
 0.9 s�1,
K1⁄2,MTs � 3.9 
 0.5 �M. Inset, representative transient obtained from mixing a R234K�mantADP complex
with MTs � MgATP (final mixture: 5 �M MTs). D, an Eg5-513�mantADP (f) or an R234K�mantADP complex
(● ) with mantADP at one active site was mixed with MTs and varying MgATP. Final mixture: 2.5 �M motor,
25 �M MTs. The observed rate of mantADP release from head 2 did not increase as a function of increasing
MgATP concentration. E, experiment was repeated but as a function of increasing MT concentration, and
each data set was fit to a hyperbola as follows: Eg5-513 (f), kmax � 0.62 
 0.04 s�1, K1⁄2,MTs � 14.6 
 2.3 �M,
and R234K (F) kmax � 0.79 
 0.04 s�1, K1⁄2,MTs � 9.1 
 1 �M. (Final mixture: 2 �M Eg5-513 or R234K, varying
MTs, 500 �M MgATP.)
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release fromhead 2 in this experimental design.However, when
the experiment was repeated but at varyingMT concentrations
plus 1 mM MgATP (Fig. 2E), the rate of mantADP release
increased as a function of increasing MT concentrations for
both Eg5-513 (kmax � 0.62 s�1) and R234K (kmax � 0.79 s�1).
These results indicate that Eg5 begins its ATPase cycle by head
1 colliding with theMT and releasing ADP rapidly, followed by
a slow conformational change at�1 s�1 that limits ADP release
from head 2 (Fig. 6, steps 1 and 2).
The Race—The results presented in Fig. 2 indicated that col-

lision with the MT was sufficient to release ADP from both
motor domains, suggesting that both heads are bound to the
MT and nucleotide-free prior to ATP binding (Fig. 6, species
E2). However, these experiments did not provide information
to order the steps of ATP binding and the slow �1 s�1 confor-
mational change required to establish the processive run. A
novel stopped-flow experiment called The Race was designed
to define the sequence of events from MT collision to ATP
binding and to ask whether ATP binding or MT binding
occurred first. This experimental design required mantATP

binding to Eg5 in solution to be slow
(Fig. 3, A and B), mantATP binding
for the MT�Eg5 complex to be rapid
(54 s�1; Table 2), andMT-Eg5 asso-
ciation to be rapid (2.8 �M�1s�1;
Table 2). Fig. 3A shows representa-
tive transients of mantATP binding
to Eg5-513 and Eg5-513NF in the
absence of MTs. The amplitude
associated with the kinetics of Eg5-
513NF is higher than Eg5-513 as
expected because Eg5-513 retains
ADP at �60% of its sites. Fig. 3B
shows that mantATP binding in the
absence of MTs is very slow at 0.23
s�1. For The Race (Fig. 3C), Eg5 is
loaded in one syringe, and the sec-
ond syringe contains MTs plus
mantATP. (Final concentrations
after mixing were 3 �M Eg5, 8 �M
MTs, 30 �M mantATP.) At these
concentrations, mantATP binding
to Eg5 would occur at �0.15 s�1 in
solution but at �40 s�1 if the Eg5
head were already bound to the MT
(35, 44). At 8 �M MTs, MT associa-
tion is rapid and �20 s�1 (35, 44).
For monomeric Eg5-367NF, mant-
ATP binding was immediate and
rapid, indicating that the motor
head bound the MT first followed
by rapid mantATP binding. In con-
trast, for both dimeric Eg5-513NF
and Eg5-513, there was a lag prior to
mantATP binding to the active site.
When The Race was repeated

with increasingMT concentrations,
the rate of mantATP binding

increased to a maximum of 27 s�1 for monomeric Eg5-367NF
(Fig. 3D), yet was 1.6 s�1 for Eg5-513NF or 1.2 s�1 for Eg5-513
(Fig. 3, E and F). These rates were significantly slower than
mantATPbinding to the preformedMT�Eg5-513 complex at 54
s�1 (Table 2), but they were similar to the rate of the slow
conformational change at �1 s�1. These results indicate that
the slow conformational change occurs after MT collision and
is a required structural transition for mantATP to bind to
Eg5. Furthermore, the mantATP binding kinetics for Eg5-
513 and Eg5-513NF are similar, providing confidence that we
are detecting the normal sequence of events that occurs to
establish the Eg5 intermediate poised for processive step-
ping (Fig. 6, species E2).
Gating Mechanism during Processive Stepping—Our previ-

ous studies indicated that ATP hydrolysis at 5–10 s�1 is the
rate-limiting step during a processive run (35). Thus, the con-
formational change that is rate-limiting for the initialization of
the processive run cannot occur during subsequent stepping.
The new results presented in Figs. 2 and 3 indicate that the slow
�1 s�1 structural transition occurs after MT association and

FIGURE 3. ATP binding follows MT�Eg5 association. A, averaged transients representing the fluorescence
enhancement upon mixing Eg5 with mantATP in the absence of MTs: nucleotide-free Eg5-513NF (blue, apyrase-
treated), Eg5-513 as purified (green), apyrase in the absence of motor (red), or buffer with mantATP (black). Final
mixture: 0.5 �M Eg5-513, 
0.005 units/ml apyrase, 75 �M MgMantATP. B, observed rate of the initial exponen-
tial phase increased as a function of increasing mantATP concentration, kmax � 0.23 
 0.12 s�1; K1⁄2,mantATP �
14.5 
 2.4 �M. C–F, Eg5 was mixed in the stopped-flow instrument with MTs plus MgMantATP. Final mixture: 3
�M motor, 30 �M MgMantATP, and varying MTs. C, comparison of the mantATP binding kinetics for each motor
(final mixture: 8 �M MTs). The observed rate of the initial fast phase for mantATP binding increased as a
function of increasing MT concentrations. D, Eg5-367NF kmax � 26.8 
 2.3 s�1, K1⁄2,MT � 5.1 
 1.1 �M.
E, Eg5-513NF kmax � 1.6 
 0.1 s�1, K1⁄2,MT � 3.8 
 0.4 �M. F, Eg5-513 kmax � 1.2 
 0.1 s�1, K1⁄2,MT � 2.1 
 1 �M.
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prior to ATP binding, which is consistent with this model.
However, the question of how the heads of the Eg5 dimer are
coordinated during a processive run remains.
To address this question experimentally, we preformed an

MT�Eg5-513 complex and treatedwith apyrase to removeADP.
TheMT�Eg5-513NF complex was rapidly mixed withmantATP
in the stopped-flow instrument at single turnover conditions
(Fig. 4; final concentrations: 15 �M Eg5-513, 25 �M MTs, 1 �M
mantATP). MantATP binding resulted in an initial rapid phase
of fluorescence enhancement, kobs � 33 s�1. However, the flu-
orescence did not begin to decrease until 50 s elapsed, and the
rate was extremely slow at kobs � 0.001 s�1 (Fig. 4B). This
observed rate is comparable with the rate of fluorescence decay
for mantATP mixed with buffer in the absence of Eg5 or MTs
(kobs � 0.0014 s�1; data not shown). For kinesins, there is no
change in fluorescence associated with mantATP hydrolysis.
Therefore, the kinetics in Fig. 4B suggest that a long lived
Eg-513�mantADP intermediate was formed (Fig. 4C), and a
nucleotide-gated mechanism prevented rapid mantADP
release. Because the ADP state promotes weak Eg5 binding to
the MT, we propose that the head holding mantADP is

detached from theMTbut tethered by the nucleotide-free head
that is bound tightly to the MT (Fig. 4C).
In the next series of experiments, we used this kinetically

stable MT�Eg5-513�mantADP intermediate (Fig. 4C) to deter-
mine the nucleotide signal that triggers mantADP release dur-
ing processive stepping (Fig. 6, steps 6 and 7). The kinetically
stable MT�Eg5-513�mantADP intermediate (Fig. 6, E5) was
formed by adding mantATP to a MT�Eg5-513NF complex just
prior to loading in the stopped-flow instrument. This complex
was then rapidly mixed with MgATP in the stopped-flow
instrument, resulting in a rapid exponential quenching corre-
lated with mantADP release from the active site (Fig. 5A). The
initial exponential rate ofmantADP release increased as a func-
tion of increasing MgATP concentration with kmax � 8.4 s�1

(Fig. 5,A and B). These results are consistent with rate-limiting
ATP hydrolysis on the rearward head at �10 s�1, followed by
rapidMTassociation andADP release from the advancing head
(35).
Note that the transients in Fig. 5A appear biphasic, where the

exponential rate for the second slow phase is ATP-independent
and occurs at �1 s�1 (Fig. 5B). The design of the experiment
should result in single exponential kinetics because only one
head of the Eg5 dimer should be occupied bymantADP.We do
not know the origin of this second phase. It may reflect an off
pathway isomerization of mantADP. Alternatively, there may
be a population of dimers with mantADP at both sites and free
in solution detached from the MT. Upon mixing in the
stopped-flow instrument, this population would form the
nucleotide-free MT�Eg5-513 species poised to begin a proces-
sive run (Fig. 6, E2) with the second phase in the Fig. 5A tran-
sients reflecting the slow �1 s�1 conformational change.

To assess whether ATP binding was sufficient to stimulate
mantADP release or whether ATP hydrolysis was required, the
stable MT�Eg5-513�mantADP immediate was mixed with the
slowly hydrolyzable analogue, ATP�S, and the nonhydrolyz-
able analogue, AMPPNP (Fig. 5D). For both ATP analogues,
there was an initial rapid fluorescence decrease (kobs � 20–30
s�1) of very small amplitude followed by a slowphase. This slow
phase was of comparable amplitude to the slow phase of the
ATP transient. The same experiment was also performed using
the ATP hydrolysis defective mutant R234K. With AMPPNP,
there was almost no initial fast phase, yet the transient for
R234K with ATP mimicked the results of mixing MT�Eg5-
513�mantADP with AMPPNP or ATP�S.

These results are difficult to interpret for a clear understand-
ing of the gating mechanism. If ATP binding were sufficient in
the absence of ATP hydrolysis for forward head advancement,
MT association, and mantADP release, we would expect the
amplitudes of the AMPPNP, ATP�S, and R234K transients to
be equal to the ATP transient in Fig. 5C as observed previously
for kinesin (34). However, if ATP binding followed by ATP
hydrolysis were required formantADP release, our expectation
would be almost no amplitude associated with the AMPPNP,
ATP�S, and R234K transients as observed for Drosophila Ncd
(46). Our interpretation is that the results in Fig. 5D indicate
that ATP binding is sufficient to induce some of the structural
transitions required for forward advancement of the rearward

FIGURE 4. MantATP binding under single turnover conditions. A pre-
formed MT�Eg5-513NF complex was rapidly mixed in the stopped-flow instru-
ment with mantATP. Final mixture: 15 �M Eg5-513NF, 25 �M MTs, 1 �M

MgMantATP (A) or 0.25 �M MgMantATP (B). A, representative transient reflect-
ing initial rapid mantATP binding by Eg5-513NF: phase 1 kobs � 33 
 0.3 s�1;
phase 2 kobs � 2.1 
 0.06 s�1. B, rapid mantATP binding to the MT�Eg5-513NF
complex followed by fluorescence decay with kobs � 0.0008 
 0.00002 s�1.
C, experimental design to establish the processive stepping Eg5 intermediate.
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head for MT association and ADP release, yet to achieve the
tightly bound, no nucleotide state as illustrated by intermediate
E7 requires ATP hydrolysis (Fig. 6, steps 6 and 7, and see under
“Discussion”).
Modeling the Processive Run—Finally, wewanted to return to

the processive run data in Fig. 5A to determine whether the
linear sequence of events presented in Fig. 6 could capture this
behavior and the correct dependence on ATP concentration.
We see from the solution of the model equations (Fig. 5C, red
lines) that the scheme presented in Fig. 6 fits the experimental
data quite well. Importantly, the rate of ATP binding (rate k1 in
Fig. 6, inset) was previously determined in Ref. 35 and was not a
free parameter in ourmodel. Nonetheless, themodel described
the sharp increase in the initial rate of ADP release as ATP is
increased. The exact order of events shown in Fig. 6, inset, is not
known. For instance, we do not know if ATP hydrolysis on head
1 precedes ADP release on head 2 or vice versa, and the mod-
eling does not discriminate between these possibilities. How-
ever, three pieces of information concerning the rate constants
do emerge from the global fits to the data. First, the rate con-
stant (k5) associated with free Eg5, state E0, binding to the MT
and entering state E2 is 1.2 s�1, which is consistent with the
slow conformational change observed after Eg5 collides with
the MT (Step 2, Table 2) (35, 41, 43). Second, the modeling
revealed that one of the steps followingATP binding occurs at a
rate of 10.7 s�1. We associate this step with the rate of ATP
hydrolysis based on the previously determined rate-limiting

step of ATP hydrolysis (35). Third,
the fluorescence signal loses ampli-
tude immediately at the time of
mixing without any observable lag,
which implies that any intervening
steps between ATP binding and
mantADP release must be fast. We
estimate that these intervening
steps such as the head binding to the
MT (k2) and ADP release (k4) must
each be faster than 185 s�1.

DISCUSSION

Initiation of the Processive Run—
For kinesin, a processive run begins
when amotor head collides with the
MT and releases ADP. In contrast,
dimeric Eg5 must first establish the
intermediate to initiate the proces-
sive run (Fig. 6, steps 1 and 2). The
results in Fig. 1 (mantADP titration)
revealed that in solution, one active
site holds ADP tightly, whereas the
other site binds ADP more weakly.
We propose that the cycle begins
with the weak head colliding with
the MT and releasing its ADP rap-
idly (Fig. 6, step 1). This hypothesis
is consistent with the observed
10-s�1 off rate in the MT associa-
tion kinetics (Table 2) (35), suggest-

ing that the head that holdsADP tightlymay not bind theMTas
readily as the head that holds ADP weakly. An off rate in the
MT-motor association kinetics was also observed for dimeric
Ncd, which also possesses a high affinity site and a low affinity
ADP site (53). In contrast, dimeric kinesin andmonomeric Eg5
show noMT association off rate (32, 44). The experiments pre-
sented cannot distinguish the orientation of the tethered ADP
head of intermediate E1; therefore, we present two possible
orientations of the detached head as follows: already forward in
its diffusional search for the next MT-binding site as well as
detached and rearward to the nucleotide-free head. The results
also indicate that the E1 intermediate is unique and distinct
from the E5 state because if E1 and E5 were comparable, ATP
binding and processive steppingwould begin from the E1 inter-
mediate. This is an important observation about the E1 state.
We propose that the slow �1 s�1 conformational change

occurs as step 2, resulting in the partner head binding the MT
and releasing its ADP to form the intermediate with both heads
bound and both nucleotide-free (Fig. 6, species E2). The data
that support this sequence of events are the observations that
mantADP release from the high affinity site is limited by a 0.6–
1-s�1 event (Fig. 2) (35) and that ATP binding after MT associ-
ation (Fig. 3) is limited by a 1.2–1.6-s�1 event. Based on the
fluorescence resonance energy transfer studies of Rosenfeld et
al. (41) usingmonomeric Eg5, we propose that the�1 s�1 event
in dimeric Eg5 represents reorientation of the ordered neck
linker from a position perpendicular to the long axis of the

FIGURE 5. ATP-triggered mantADP release. A preformed MT�Eg5-513�mantADP complex (see Fig. 4C) was
mixed in the stopped-flow instrument with MgATP. Final mixture: 15 �M motor, 25 �M MTs, 1 �M mantATP,
varying MgATP. A, representative transients with MgATP at 0, 2, 4, 10, 20, and 65 �M (top to bottom). B, observed
rate of the initial exponential phase (F) of mantADP release increased as a function of increasing ATP concen-
tration: kmax � 8.4 
 0.8 s�1, K1⁄2,ATP � 4 
 1.8 �M. The second, slower phase (�) at �1 s�1 does not show an
ATP concentration dependence. C, kinetic model in Fig. 6 (inset) was solved numerically for various ATP con-
centrations and matched to the experimental data in A. The rate constants corresponding to the fit shown are
as follows: k1 � 54 s�1 � 0.11 �M

�1 [ATP]/((0.11 �M
�1 [ATP]) � 1); k2 � 185 s�1; k3 � 10.7 s�1; k4 �185 s�1; and

k5 � 1.2 s�1. D, comparison of the kinetics of mantADP release when either a MT�Eg5-513�mantADP or a
MT�R234K�mantADP complex was mixed with ATP, ATP�S, or AMPPNP: Eg5-513�ATP (red), Eg5-513 �
ATP�S (dark green), Eg5-513 � AMPPNP (purple), R234K � ATP (orange), R234K � ATP�S (light green), and
R234K � AMPPNP (pink).
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motor to a docked configuration (54, 55), approximately paral-
lel with the MT (species E2). What is unique for Eg5 is that it
will begin its processive run from an intermediate with both
heads bound to the MT and both free of nucleotide.

The Processive Run—By analogy to kinesin, we propose that
the neck linkers of species E2 are strained, which would favor
ATP binding at the rearward head because of its docked neck
linker configuration (43, 52, 56–58). ATP hydrolysis and phos-
phate release result in the weakly bound ADP state, leading to
rearward head detachment (species E5). However, for the rear-
ward head of species E5 to advance forward toward theMTplus
end, ATPmust bind and possibly hydrolyze at the forward head
(Fig. 5). Once the rearward head steps forward and collideswith
theMT,ADP is released rapidly. The observed rate constant for
ADP release in this experimental design was 8.4 s�1, indicative
that ATP hydrolysis was controlling the rate of Eg5 stepping
during its processive run.
In the next ATP cycle (steps 6 and 7), we propose that ATP

binding at the forward head during the processive run results in
rapid movement of the neck linker to the docked configuration
followed by a MT plus-end directed advancement of the rear-
ward head to the nextMT-binding site 8 nm ahead of the ATP-
bound head. The results from Figs. 4 and 5 indicate that during
processive stepping, ATP binding and ATP hydrolysis at the
forward head are required for rearward head advancement to
generate the tightly bound E7 intermediate (35, 36, 38). This
model accounts for the exceedingly slow steady-state ATP
turnover at 0.5 s�1, yet at the same time it is consistent with the
velocity measurements from the single molecule results of Val-
entine et al. (36–38) at 12 s�1. Further support comes from the
simulations of the kinetics shown in Fig. 5C. This model pre-
dicts ATP hydrolysis at 10.7 s�1, followed by rapid ADP release
at �185 s�1.
Short Processive Runs of Eg5—The results presented here do

not define the point in the cycle where Eg5 is most likely to
terminate its processive run. However, we speculate that the
short run lengths of dimeric Eg5 in comparisonwith kinesin are
because of the inability of Eg5 to keep the motor domains out-
of-phase such that both heads reach the ADP state simulta-
neously. This could occur at steps 3–5 (Fig. 6) if ATP were to
bind and hydrolyze at the forward head prematurely, or at steps
6 and 7 if ATPwere hydrolyzed on the rearward headwithADP
remaining at the forwardhead. The geometry or structural state
of the neck linker may also play a role in loss of coordination
and motor detachment (43). These are but two of a number of
possibilities.Wepropose that the head-head communication of
the Eg5 dimer leads to the short run lengths observed experi-
mentally, and this behavior may be required for the functional
roles of the Eg5 tetramer in the spindle. This type ofmechanism
may prevent the homotetramer from stalling at a roadblock by
terminating the processive run on one microtubule with Eg5
remaining attached to the other MT. This behavior may also
permit MT dynamics promoted by other proteins and/or kine-
sin motors and may be essential to achieve the balance of plus-
end and minus-end directed forces for the metaphase spindle.
Although this study provides amechanistic understanding of

Eg5 mechanochemistry and head-head communication, one
intriguing question ahead is to understand the mechanistic
advantage of one rate-limiting transition to establish the pro-
cessive run and another, rate-limiting ATP hydrolysis, to con-
trol the velocity of the processive run.

FIGURE 6. Model of Eg5-513 stepping. The mechanochemical cycle of
dimeric Eg5 has two distinct phases, establishing the competent interme-
diate for a processive run and the processive run. The cycle begins with
the Eg5 dimer in solution with one head holding ADP tightly and the other
with ADP more weakly bound. These results indicate that the E0 dimer in
solution exhibits head-head communication prior to interaction with the
microtubule. In the first step, one head of the Eg5 dimer collides with the
MT with rapid ADP release, followed by a slow �1 s�1 conformational
change. This conformational change, proposed to be neck linker reorien-
tation, must occur prior to ADP release from the partner motor domain
(steps 1 and 2) and prior to ATP binding (step 3). Intermediate E2 has both
motor domains bound to the MT with both active sites nucleotide-free
and the neck linkers strained. Processive stepping begins with ATP bind-
ing to the rearward head with its neck linker docked approximately paral-
lel with the MT. ATP hydrolysis follows with rapid release of Pi and rear-
ward head detachment. ATP binding and ATP hydrolysis at the forward
motor domain (steps 6 and 7) are necessary to complete the 16 nm
advance of the rearward head toward the MT plus-end, resulting in ADP
release and tight binding of the forward head to the MT. Release of Pi at
the rearward head returns the E7 intermediate to E5 for another ATP turn-
over during the processive run. The kinetic scheme in the inset was simu-
lated to produce the curves in Fig. 5C.
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