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ABSTRACT: The ATPase mechanism of kinesin superfamily members in the absence of microtubules remains
largely uncharacterized. We have adopted a strategy to purify monomeric human Eg5 (HsKSP/Kinesin-
5) in the nucleotide-free state (apoEg5) in order to perform a detailed transient state kinetic analysis. We
have used steady-state and presteady-state kinetics to define the minimal ATPase mechanism for apoEg5
in the absence and presence of the Eg5-specific inhibitor, monastrol. ATP and ADP binding both occur
via a two-step process with the isomerization of the collision complex limiting each forward reaction.
ATP hydrolysis and phosphate product release are rapid steps in the mechanism, and the observed rate of
these steps is limited by the relatively slow isomerization of the Eg5-ATP collision complex. A
conformational change coupled to ADP release is the rate-limiting step in the pathway. We propose that
the microtubule amplifies and accelerates the structural transitions needed to form the ATP hydrolysis
competent state and for rapid ADP release, thus stimulating ATP turnover and increasing enzymatic
efficiency. Monastrol appears to bind weakly to the Eg5-ATP collision complex, but after tight ATP
binding, the affinity for monastrol increases, thus inhibiting the conformational change required for ADP
product release. Taken together, we hypothesize that loop L5 of Eg5 undergoes an “open” to “closed”
structural transition that correlates with the rearrangements of the switch-1 and switch-2 regions at the
active site during the ATPase cycle.

Motor proteins from the myosin, kinesin, and dynein
superfamilies are important molecular machines that utilize
the energy of ATP turnover to generate force and perform
various functions in eukaryotic cells. These enzymes coor-
dinate movements of conserved structural elements located
at the nucleotide binding site (P-loop, switch-1, switch-2)
with structural elements that interact with the filament surface
(actin- or microtubule-binding interface) (1-8). The ATPase
activity and enzymatic efficiency of these molecular motors
are activated in the presence of their filament partner, which
is thought to be mediated through acceleration of the rate of
product release (reviewed in ref9). However, the structural
basis for this phenomenon is not well understood.

The ATPase mechanisms of several different monomeric
kinesins have been extensively studied in the presence of
microtubules: conventional kinesin/Kinesin-1 (10-12), Eg5/
Kinesin-5 (13), and Ncd/Kar3/Kinesin-14 (14-16). On the
other hand, very little is known about the ATPase mechanism
of kinesins in the absence of microtubules (17). Historically,
kinesins have been purified with ADP bound to the nucle-
otide binding site (18), and attempts to isolate a homoge-
neous, nucleotide-free population have been difficult due to
the instability of the catalytic domain in the absence of
nucleotide (14, 17).

The present studies were undertaken to define the minimal
ATPase mechanism for monomeric human Eg5-3671 (KSP/
Kinesin-5) in the absence of microtubules. We adopted a
purification strategy that yielded pure, stable, and fully active
protein in the nucleotide-free state. We have employed a
combination of steady-state and presteady-state kinetic
methodologies to characterize the steps of ATP binding, ATP
hydrolysis, Pi and ADP product release, and ADP product
binding. We also performed experiments in the presence of
the specific Eg5 inhibitor, monastrol, to elucidate the
mechanistic basis of Eg5 inhibition in the absence of
microtubules. A six-step pathway is suggested that is similar
to the mechanism of Kinesin-1 ATPase (17). However, the
rate of the isomerization to form the ATP hydrolysis
competent intermediate was much slower and was nonpro-
ductive for a subpopulation of apoEg5 such that only a
fraction of the Eg5 sites contributed to the formation of
product during the first and subsequent ATP turnovers.

We propose that monastrol weakly binds the Eg5‚ATP
collision complex and alters the environment of the Eg5
nucleotide binding site. However, we cannot experimentally
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detect monastrol binding to apoEg5 in the absence of micro-
tubules and/or nucleotide. The isomerization of the Eg5‚ATP
collision complex that occurs during the Eg5 ATPase mech-
anism leads to an “open” to “closed” structural transition in
loop L5 to tighten Eg5’s affinity for both ATP and monastrol.
We propose that monastrol stabilizes the “closed” conforma-
tion of loop L5 and, after rapid ATP hydrolysis and Pi

product release, inhibits the very slow isomerization of the
Eg5*‚ADP complex, which corresponds to the observed rate
of ADP release. Therefore, these studies have enabled us to
hypothesize a structural communication pathway between
the functional elements at the Eg5 nucleotide binding site
and loop L5. By comparing the Eg5 ATPase mechanism in
the absence of microtubules to the microtubule-activated
mechanism (13), we can also gain insight into how the
microtubule activates the Eg5 ATPase cycle.

MATERIALS AND METHODS

Experimental Conditions.All experiments reported were
performed at 22-25 °C in ATPase buffer (20 mM Hepes,
pH 7.2 with KOH, 5 mM magnesium acetate, 0.1 mM
EDTA, 0.1 mM EGTA, 50 mM potassium acetate, 1 mM
dithiothreitol, 5% sucrose) with the concentrations reported

as final after mixing. Experiments containing monastrol were
performed using the more activeS-enantiomer (19-22).

Purification of ApoEg5.In this study we have expressed
and purified Eg5-367 as described previously (13, 19), with
the following modifications in order to isolate Eg5 in the
absence of nucleotide at the active site (apoEg5) (17, 23).
In all column chromatography buffers, magnesium chloride
and ATP were excluded. After Eg5 was eluted from the
nickel-nitrilotriacetic acid agarose column (Qiagen, Valen-
cia, CA), the enriched fractions were pooled and incubated
with 5 mM EGTA and 5 mM EDTA for 30 min at 4°C.
Following the incubation, the mixture was loaded onto a 100-
mL Bio-Gel P-6 size exclusion column (Bio-Rad Labora-
tories Inc.; exclusion limit 6000 Da) to remove chelating
reagents and any residual nucleotide. The elution volume
containing the excluded apoEg5 was concentrated by ultra-
filtration and dialyzed against ATPase buffer. We determined
the apoEg5 protein concentration by the Bio-Rad protein
assay with IgG as the standard. This purification strategy
yielded>99% pure protein with>95% basal and microtu-
bule-activated ATPase activity under the same experimental
conditions when compared to prior Eg5 purifications [Table
1 (13)]. In addition, we performed pulse-chase, acid-quench,

Table 1: Comparison of Kinetic Constants for ApoEg5 and Mt‚Eg5 ATPase( S-Monastrol

constants apoEg5 apoEg5S Mt‚Eg5a,b Mt‚Eg5S
b

MgATP binding K1k+1′ 0.037( 0.002µM-1 s-1 NDc ND ND
(Trp fluorescence) k+1′ 0.54( 0.03 s-1

Kd,ATP 2.6( 0.5µM
k-1′ 0.014( 0.04 s-1

mantATP binding K1k+1′ 0.08( 0.01µM-1 s-1 0.06( 0.01µM-1 s-1 2.2( 0.3µM-1 s-1 2.1( 0.3µM-1 s-1

k+1′ 0.85( 0.10 s-1 0.78( 0.33 s-1 47.0( 2.3 s-1 47.8( 1.9 s-1

Kd,mATP 9.9( 2.6µM 11.4( 7.9µM 7.9 ( 1.6µM 9.4 ( 1.9µM
k-1′ 0.09( 0.02 s-1 0.09( 0.02 s-1 18 ( 0.7 s-1 19.1( 0.7 s-1

Kd,S 25.3( 13.5µM
ATP binding kb,max 1.7( 0.3 s-1 1.3( 0.4 s-1 20.8( 1.1 s-1 d ND

(pulse-chase) Kd,ATP 8.3( 6.3µM 6.1 ( 7.6µM 45 ( 8 µM
A0,max 0.14( 0.01 ADP/site 0.14( 0.01 ADP/site 0.82( 0.1 ADP/site

ATP hydrolysis kb,max 1.14( 0.05 s-1 0.59( 0.04 s-1 13.3( 1.5 s-1 e 48 ( 14 s-1 e

(acid-quench) Kd,ATP 12.7( 2.0µM 6.8 ( 2.1µM
A0,max 0.093( 0.002 ADP/site 0.15( 0.005 ADP/site 0.8( 0.04 ADP/site 0.3( 0.03 ADP/site
kss,max/[Eg5] 0.017( 0.001 s-1 0.008( 0.001 s-1

ATP hydrolysis k+1′
e 1.03( 0.05 s-1 0.57( 0.04 s-1 11 ( 1 s-1 f 47 ( 13 s-1 f

(modeling) kslow 0.14( 0.003 s-1 0.025( 0.002 s-1 2.3( 0.2 s-1 1.2( 0.3 s-1

E0 0.5 of 4µM (13%) 0.7 of 4µM (18%) 4.7 of 5µM (95%) 1.5 of 5µM (30%)
Pi release kb,max 0.54( 0.01 s-1 0.45( 0.01 s-1 5.7( 0.02 s-1 g ND

(MDCC-PBP) Kd,ATP 6.3( 0.3µM 5.1 ( 0.4µM
A0,max 0.10( 0.003 Pi/site 0.14( 0.002 Pi/site 0.70( 0.001 Pi/site
kss,max/[Eg5] 0.019( 0.0001 s-1 0.003( 0.0001 s-1

Pi release k+1′ 0.42( 0.006 s-1 0.44( 0.003 s-1 4.9( 0.02 s-1 g

(modeling) kslow 0.14( 0.001 s-1 0.022( 0.0005 s-1 0.8( 0.001 s-1

E0 0.19 of 1µM (19%) 0.15 of 1µM (15%) 0.99 of 1µM (99%)
[R-32P]ADP Releaseb koff,ADP 0.05( 0.001 s-1 0.007( 0.001 s-1

mantADP release ND ND 35.2( 0.6 s-1 13 ( 1 s-1

mantADP binding K-5k-4 0.07( 0.01µM-1 s-1 0.08( 0.02µM-1 s-1 ND ND
k-4 0.55( 0.04 s-1 1.3( 0.4 s-1

K1/2,mADP 6.5( 1.4µM 13.1( 7.7µM
k+4 0.13( 0.01 s-1 0.08( 0.03 s-1

Kd,S 23.4( 4.8µM
basal ATPase kcat 0.02( 0.003 s-1 0.003( 0.0001 s-1 h

Km,ATP 0.17( 0.03µM 0.19( 0.05µMh

kcat/Km,ATP 0.12( 0.01µM-1 s-1 0.016( 1.4µM-1 s-1 h

Kd,S 2.3( 0.4µMb

Mt-activated ATPase kcat 5.47( 0.07 s-1 ND 5.5( 0.3 s-1 1.2( 0.03 s-1

Km,ATP 6.95( 0.43µM 9.5 ( 0.4µM 3.6 ( 0.3µM
kcat/Km,ATP 0.79( 0.16µM-1 s-1 0.58( 0.03µM-1 s-1 0.33( 0.03µM-1 s-1

K1/2,Mt 0.29( 0.02µM 0.71( 0.6µM 6.7 ( 0.4µM
Kd,S 13.8( 1.0µM

a Mechanistic analysis of the mitotic kinesin Eg5 (13). b Monastrol inhibition of the mitotic kinesin Eg5 (22). c ND, not determined.d Experiments
performed with monomeric HsEg5-437 (13). e k+1′ ) the rate of the isomerization of the Eg5‚ATP collision complex.f Burst kinetics based on 300
µM MgATP (22). g Fit of data from transient shown in Figure 10D.h Determined from the linear phase of the Pi product release transients.
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and Pi product release experiments with apoEg5 in the
presence of microtubules, and observed a burst stoichiometry
near unity (Figure 8B-D), suggesting that the entire popula-
tion of apoEg5 enzyme binds and hydrolyzes ATP during
the first ATP turnover.

Nucleotide-Free Determination of ApoEg5 Preparation.
Purified apoEg5 protein was resolved by using a Superose-6
HR 10/30 gel filtration column (Amersham Biosciences) that
was equilibrated in ATPase buffer using the System Gold
HPLC system (Beckman Coulter Inc.) (Figure 1A). The
elution profiles were obtained by continuous monitoring of
solution absorbance at 259 nm (λmax for ADP) and intrinsic
protein fluorescence (Ex, 280 nm; Em, 340 nm) at a constant
flow rate of 0.5 mL/min. The duration of the elution provides
time for >100 ADP release events to occur at each Eg5 site
(koff,ADP ) 0.05-0.14 s-1), thus allowing any remaining ADP
bound at the Eg5 nucleotide binding site to be released and
diffuse into the included volume of the column. The elution
profile of ADP in the absence of Eg5 was compared to the
elution profiles of apoEg5 and Eg5‚ADP (1:1) to quantify
the nucleotide that remained in each apoEg5 preparation.
ImageGauge (version 4.0) software (Fuji Photo Film USA)
was used to analyze the data.

We designed another experiment to assess the nucleotide-
free state of our apoEg5 preparation. By treating a sample
of apoEg5 with apyrase (Sigma-Aldrich Co.; type VII) for

60 min, any remaining ADP bound to Eg5 would be released
into solution and cleaved to AMP+ Pi. Using a coupled-
assay system with coumarin-labeled phosphate binding
protein (MDCC-PBP), as described (24, 25), we were able
to directly measure Pi liberated from the apyrase cleavage
reaction. Any Pi in solution would bind to the MDCC-PBP
and induce a fluorescence enhancement. Apyrase-treated
samples of apoEg5, Eg5‚ADP (1:1), and ADP (no Eg5) were
rapidly mixed in a KinTek SF-2003 stopped-flow instrument
(KinTek Corp., Austin, TX) with MDCC-PBP (Ex, 425 nm;
Em, 450-nm cutoff) (Figure 1B). Contaminating Pi was
removed from the MDCC-PBP solution, stopped-flow sy-
ringes, and observation cell by incubation with a “Pi mop”
consisting of 0.05 unit/mL purine nucleotide phosphorylase
(PNPase) and 75µM 7-methylguanosine (MEG). However,
the Eg5 and ADP samples were not incubated with the “Pi

mop” prior to mixing with the MDCC-PBP.
Steady-State ATPase Kinetics.ApoEg5 steady-state

ATPase activity (in the absence of microtubules) was
determined by measuring [R-32P]ADP‚Pi product formation
as described previously (26). In Figure 2, the rate of ATP
turnover was plotted as a function of MgATP concentration,
and the data were fit to the following quadratic equation:

where rate is the concentration of product formed per second
per Eg5 site,kcat is the maximum rate constant of product
formation at saturating substrate,E0 is the total Eg5 site
concentration, andKm,ATP is the MgATP concentration
needed to provide one-half the maximal velocity.

ApoEg5 stability was determined by monitoring the
ATPase activity (no microtubules) at various time points after
incubation at either 4°C or 22 °C (Figure 2, inset). The
observed steady-state rates as a function of incubation time
were fit to a single-exponential decay. In Figure 8A, apoEg5
steady-state ATPase was determined in the absence and
presence of 0.25 mg/mL bovine serum albumin (BSA,
BioRad), bovine gamma globulin (IgG, BioRad), or oval-

FIGURE 1: Determination of the nucleotide-free state for apoEg5.
(A) Analytical gel filtration was performed using a Superose-6 HR
column with detection by continuous monitoring of solution
absorbance at 259 nm (λmax for ADP) and intrinsic protein
fluorescence (inset). Conditions: 10µM apoEg5, 10µM Eg5‚ADP,
10 µM MgADP. Eg5 eluted from the column at 38.8 min, MgADP
eluted at 42.7 min, and the void volume eluted at 16.2 min. (B)
Inorganic phosphate liberated from apyrase cleavage of ADP to
AMP + Pi was detected by monitoring the fluorescence enhance-
ment of MDCC-PBP‚Pi in a stopped-flow instrument. Final
concentrations: 1µM apoEg5, 1µM Eg5‚ADP (1 µM apoEg5+
1 µM MgADP), 1 µM MgADP, 0.05 unit/mL apyrase, 5µM
MDCC-PBP, 0.05 unit/mL PNPase, 75µM MEG. ApoEg5 only,
MgADP only, and Eg5‚ADP (1:1) were incubated in the absence
or presence of apyrase for 60 min at room temperature, followed
by rapid mixing with MDCC-PBP plus “Pi mop” reagents.
Transients for MgADP only, Eg5‚ADP, and apoEg5+ apyrase
overlay each other. Arrows highlight difference between transients
for apoEg5+ apyrase and apyrase only.

FIGURE 2: ApoEg5 steady-state ATPase. ApoEg5 was reacted with
increasing MgATP concentrations in the absence of microtubules.
Final concentrations: 0.1µM apoEg5, 0.25 mg/mL BSA, 0.1-50
µM [R-32P]MgATP. The data were fit to eq 1:kcat ) 0.017 (
0.0003 s-1 andKm,ATP ) 0.17( 0.03µM. Inset: apoEg5 stability
was determined by measuring ATPase activity at various time points
after incubation. Final concentrations: 0.5µM apoEg5, 10µM
[R-32P]MgATP, 4°C or 22°C incubation temperature. The ATPase
reactions were performed at 22°C, and the rate of MgATP turnover
was plotted as a function of incubation time. The fit of the data to
a single-exponential decay provided a rate constant at 0.004( 0.003
h-1 at both incubation temperatures.

rate) 0.5kcat{(E0 + Km,ATP + [ATP]) -

{(E0 + Km,ATP + [ATP])2 - (4E0[ATP])}1/2} (1)
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bumin (Oval, Sigma). These reactions were performed to
evaluate the potential loss of apoEg5 active sites by adsorp-
tion of apoEg5 to the reaction tubes.

Fluorescence Measurements.Steady-state fluorescence
measurements of the single Eg5 tryptophan (W127) and
2′(3′)-O-(N-methylanthraniloyl) (mant) nucleotides were
obtained at 22°C using an Aminco-Bowman Series 2
luminescence spectrometer (Thermo Spectronic, Madison,
WI) equipped with a 150-W continuous wave xenon arc lamp

source. ApoEg5 samples were excited at 295 nm (2-nm
half-width), and tryptophan emission spectra were scanned
from 300 to 400 nm (2-nm half-width) (Figure 3A). The
appropriate buffer controls were subtracted from each
spectrum to adjust for Raman scatter and background
fluorescence. Mant-emission spectra were obtained by excit-
ing the solution at 360 nm (4-nm half-width) and collect-
ing emitted fluorescence from 400 to 600 nm (2-nm
half-width) (Figure 4E). MantATP was used at 10µM in

FIGURE 3: MgATP binding to apoEg5 by tryptophan fluorescence enhancement. (A) The steady-state fluorescence emission spectra of
apoEg5 in the absence and presence of MgATP. Final concentrations: 2µM apoEg5, 0 or 200µM MgATP. (B) Stern-Volmer plot for
acrylamide quenching of apoEg5 tryptophan fluorescence in the absence or presence of MgATP. Final concentrations: 2µM apoEg5, 0 or
500µM MgATP, 0-400 mM acrylamide. Relative fluorescence intensity changes from quenching (Fo/F) were plotted against acrylamide
concentration, and each data set was fit to eq 2. ApoEg5:Ksv ) 4.5 ( 0.5 M-1. apoEg5+ ATP: Ksv ) 4.9 ( 0.6 M-1. (C) The transient
increase in apoEg5 tryptophan fluorescence upon rapid mixing with various nucleotides in a stopped-flow instrument. Final concentrations:
2 µM apoEg5, 250µM MgAXP (as indicated). MgAMP+ Pi conditions were achieved by incubating 250µM MgADP with 0.1 unit/mL
apyrase for 60 min, followed by mixing in a stopped-flow instrument. (D) The observed exponential rate of MgATP binding to apoEg5 was
plotted as a function of MgATP concentration. Final concentrations: 1µM apoEg5, 1.25-100µM MgATP. The data were fit to eq 3:k+1′
) 0.54( 0.03 s-1, k-1′ ) 0.014( 0.03 s-1, andKd,ATP ) 2.6 ( 0.5 µM. Note that the constantk-1′ has a significant error due to the loss
of sensitivity below 1µM apoEg5. Inset: The rates of MgATP binding to apoEg5 at low MgATP concentrations. The data were fit to a
linear relationship to yield the apparent second-order rate constant defined by the slope (K1k+1′ ) 0.037( 0.002µM-1 s-1) and the apparent
rate of Eg5‚ATP dissociation defined by they-intercept (k-1

app ) 0.11 ( 0.01 s-1). (E and F) Structural representation of the proposed
conformational change in loop L5 leading to the enhanced tryptophan fluorescence upon tight ATP binding. The model was generated
using DeepView Swiss Pdb Viewer (version 3.7) to superposition the Eg5‚ADP structure [PDB code: 1II6 (30); labeled blue] with the
monastrol‚Eg5‚ADP structure [PDB code: 1Q0B (21); labeled red] based on the position of CR atoms of the P-loop region (F102-T112).
The microtubule-binding region was oriented at the bottom and loop L5 was visible at the top in both panels. Panel F depicts a view of the
model after rotating∼180° around the axis indicated in panel E.
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order to avoid inner-filter effects associated with the mant
probe.

Acrylamide Quenching Experiment.To determine the
relative solvent accessibility of the W127 residue, acrylamide
quenching experiments were performed in the absence and
presence of ATP. The fluorescence values from 340 nm in
the absence of quencher (F0) were divided by the fluores-
cence in the presence of quencher (F). These values were
plotted as a function of quencher concentration ([Q]), and
each data set was fit to the Stern-Volmer equation (Figure
3B):

whereKsv is the Stern-Volmer quenching constant, which
equals the product of the bimolecular quenching constant

(kq) and the lifetime of the tryptophan fluorophore in the
absence of quencher (τ0).

Stopped-Flow Experiments.Presteady-state kinetic mea-
surements of MgATP binding, mantATP binding, Pi product
release, and mantADP binding were made in a stopped-flow
instrument (KinTek Corp.). For tryptophan fluorescence
experiments (Figure 3C,D), fluorescence emission at 340 nm
was measured using a 340-nm specific band-pass filter with
excitation at 295 nm. MgATP and mantATP binding data
shown in Figure 3D and Figure 4C, respectively, were fit to
the following equation:

where k+1′ equals the rate constant for the ATP-depen-
dent isomerization (Scheme 1),k-1′ is the ATP off rate, and

FIGURE 4: MantATP binding to apoEg5( monastrol. Representative stopped-flow transients are shown for mantATP binding to apoEg5
in the absence (A) and presence (B) of monastrol. Final concentrations: 0.5µM apoEg5 for 0.5-2 µM mantATP, 2µM apoEg5 for 2-12
µM mantATP, 0 or 150µM monastrol. (C) The observed exponential rate of mantATP binding to apoEg5 was plotted as a function of
mantATP concentration. Each data set was fit to eq 3. Control:k+1′ ) 0.85( 0.1 s-1, k-1′ ) 0.09( 0.02 s-1, andKd,mATP ) 9.9 ( 2.6
µM. Monastrol: k+1′ ) 0.78( 0.33 s-1, k-1′ ) 0.09( 0.02 s-1, andKd,mATP ) 11.4( 7.9 µM. Inset: The rates of mantATP binding to
apoEg5 at low mantATP concentrations. The data were fit to a linear relationship to yield the apparent second-order rate constant defined
by the slope (K1k+1′ ) 0.081( 0.006µM-1 s-1 and 0.062( 0.01µM-1 s-1 for control and monastrol, respectively) and the apparent rate
of Eg5‚mantATP dissociation defined by they-intercept (k-1

app ) 0.09 ( 0.01 s-1 for both). (D) The amplitude of each transient was
plotted against mantATP concentration, and each data set was fit to a hyperbola. Maximum amplitude was 0.43( 0.03 V for control and
0.15 ( 0.02 V for monastrol. (E) The emission spectra of mantATP (no Eg5) in the absence and presence of monastrol. Final
concentrations: 10µM mantATP, 0 or 150µM monastrol. (F) The amplitude of mantATP binding transients was plotted as a function
of monastrol concentration, and the data were fit to eq 4. Final concentrations: 1µM apoEg5, 2.5µM mantATP, 0-100 µM monastrol.
From the fit of the data,Kd,S was 25.3( 13.5 µM. The inset shows the observed rate of mantATP binding plotted against monastrol
concentration.

Scheme 1

F0/F ) 1 + Ksv[Q] (2) kobs) k+1′[ATP]/(Kd,ATP + [ATP]) + k-1′ (3)
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Kd,ATP is the dissociation constant for weak ATP binding.
In Figure 4F and Figure 10D, the data were fit to the
following quadratic equation:

where amplitude is the magnitude of the exponential change
in fluorescence intensity upon mantATP binding,Ainh is the
amplitude of monastrol inhibition defined byAmax (amplitude
at no monastrol) minusAmin (amplitude at saturating mo-
nastrol), Kd,S is the apparent dissociation constant for
monastrol, and Mon is the monastrol concentration.
MantADP binding data shown in Figure 10B were fit to the
following equation:

wherek-4 equals the forward rate constant for the ADP-
dependent isomerization (Scheme 2),k+4 equals the reverse
rate constant correlated with the ADP off-rate, andK1/2,mADP

is the mantADP concentration required to provide half the
maximal rate.

The kinetics of Pi product release from apoEg5 were
measured using the MDCC-PBP coupled-assay (24). ApoEg5
plus MDCC-PBP and “Pi mop” were rapidly mixed with
increasing MgATP concentrations plus “Pi mop”. The

concentrations of the “Pi mop” reagents were experimentally
determined to eliminate competition with the MDCC-PBP
for Pi in solution (27). The experimental design assumes that,
after ATP hydrolysis, Pi product will be released from the
Eg5 active site, followed immediately by Pi binding rapidly
and tightly to MDCC-PBP, thus triggering the fluorescence
enhancement of the MDCC-PBP‚Pi complex (24). This
experimental design cannot detect reversibility at the Pi

release step where Pi rebinds the Eg5 nucleotide binding site.
To convert the observed change in fluorescence into units
of Pi concentration, a phosphate calibration curve was used
(Figure 7D, inset). The data in Figure 7A,B and Figure 8D
show a burst of Pi product release at a rate faster than a
subsequent rate-limiting step; thus the data were fit to the
following equation to describe the time dependence of
product release:

whereA0 equals the amplitude of the exponential burst phase,
kb is the observed exponential rate of Pi product release from
apoEg5, andkss is the slope of the linear phase corresponding
to subsequent ATP turnovers.

Quench-Flow Experiments.The presteady-state kinetics
of MgATP binding and ATP hydrolysis (Figures 5, 6, 8)
were determined by utilizing pulse-chase and acid-quench
methodologies, respectively (13), using a KinTek RQF-3
chemical quench-flow instrument (KinTek Corp.). In the
acid-quench experiments, apoEg5 was rapidly mixed with
increasing concentrations of [R-32P]MgATP, and the reaction
continued for various times (0.04-7 s) followed by quench-

FIGURE 5: MgATP binding to apoEg5 by pulse-chase( monastrol. ApoEg5 was reacted with [R-32P]MgATP for 0-7 s in a chemical
quench-flow instrument, followed by the nonradioactive MgATP chase for 8 min (>10 turnovers). Final concentrations: 8µM apoEg5, 0
or 150µM monastrol, 10-50 µM [R-32P]MgATP, 10 mM unlabeled MgATP chase. Shown are time courses of [R-32P]MgADP product
formation for pulse-chase (PC) and acid-quench (AQ) experiments (similar to Figure 6; see below) in the absence (A) and presence (B) of
monastrol (MgATP concentrations are indicated). Each transient displayed burst kinetics and was fit to eq 6 to provide the amplitude (A0)
and observed exponential rate (kb) of the formation of a tight Eg5*‚ATP complex (pulse-chase) or the formation of Eg5‚ADP‚Pi complex
(acid-quench), followed by the linear steady-state ATP turnover (kss). Shown are the maximum observed rates from the pulse-chase and
acid-quench experiments in the absence (C) and presence (D) of monastrol plotted against MgATP concentration. Each data set was fit to
a hyperbola. Control:kb,max ) 1.7 ( 0.3 s-1 for PC and 1.5( 0.2 s-1 for AQ. Monastrol: kb,max ) 1.3 ( 0.4 s-1 for PC and 0.9( 0.1
s-1 for AQ. Insets show amplitude of exponential phase versus MgATP concentration, with each data set fit to a hyperbola. Control:
pulse-chaseA0 ) 0.14( 0.01 ADP/site and acid-quenchA0 ) 0.10( 0.03 ADP/site. Monastrol: pulse-chaseA0 ) 0.14( 0.01 ADP/site
and acid-quenchA0 ) 0.15 ( 0.02 ADP/site.

Scheme 2

amplitude) -0.5{(Ainh + Kd,S + [Mon]) -

{(Ainh + Kd,S +[Mon])2 - (4Ainh[Mon])}1/2} + Amax (4)

kobs) k-4[mADP]/(K1/2,mADP+ [mADP]) + k+4 (5)

[product]obs) A0[1 - exp(-kbt)] + ksst (6)
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ing with formic acid. The concentration of [R-32P]ADP was
plotted as function of time, and each transient was fit to eq
6 (Figure 5A,B, Figure 6A,B, Figure 8B,C). For eq 6,A0

corresponds to the concentration of [R-32P]ADP‚Pi formed
at the active site during the first ATP turnover, andkb is the
rate constant of this exponential phase of product formation.

In the pulse-chase experiments, apoEg5 was rapidly mixed
with increasing concentrations of [R-32P]MgATP, and the
reaction continued for various times (0.04-7 s) followed by
the nonradioactive MgATP chase (10 mM) for 8 min (>10
turnovers). The concentration of [R-32P]ADP was plotted as
function of time, and each transient was fit to eq 6 (Figure
5A,B). For eq 6,A0 corresponds to the fraction of tightly
bound Eg5*‚ATP that proceeds in the forward direction
toward ATP hydrolysis, andkb is the rate constant of the
exponential phase. For both pulse-chase and acid-quench
experiments, the amplitude and observed rate of the expo-
nential burst phase for each transient were plotted against
MgATP concentration, and each data set was fit to a
hyperbola.

Modeling Acid-Quench and Pi Product Release Kinetics.
In Figure 7E,F, the Pi release kinetics were modeled in terms
of a two-step irreversible mechanism, where the amplitude
and rate constants were defined by

whereE0 is the apoEg5 site concentration that reports during
the first ATP turnover,k+1′ denotes the rate constant for the

slow isomerization step prior to ATP hydrolysis and Pi

product release that limits the observed rate of Pi product
release (Scheme 1), andkslow is the rate constant of the slow
step that occurs after Pi product release for apoEg5 and limits
steady-state ATP turnover. We allowedE0, k+1′, andkslow to
float in the analysis due to the unknown Eg5 site concentra-
tion that contributed to the first ATP turnover event.

We used DynaFit software (BioKin Ltd., Pullman, WA)
to model the acid-quench and Pi product release kinetics at
10, 25, and 50µM MgATP to the mechanism proposed in
Scheme 1 (28). For our acid-quench transients, we modeled
the formation of ADP product, which represents Eg5‚ADP‚
Pi + Eg5‚ADP + ADP. Our Pi release transients were
modeled based on the Pi product that was released from the
nucleotide binding site of Eg5. In Figure 9A, acid-quench
and Pi release transients at 50µM MgATP were simulated
based on our proposed kinetic mechanism (Scheme 1; Figure
11). In Figure 9B-D, the apoEg5 site concentration was held
constant based on the total apoEg5 protein used in the
reaction, and the rate constants for all steps in the mechanism
were held constant during the simulation, except for the rates
of tight ATP binding (k+1′), ATP resynthesis (k-2), and Pi

release (k+3) as indicated.

RESULTS

ApoEg5 Was ActiVe and Nucleotide-Free.We initiated this
study by modifying the purification strategy of Eg5-367 in
order to isolate Eg5 in a stable, nucleotide-free state
(apoEg5). Our previous Eg5-367 purification strategy yielded
a population of motors that retained MgADP bound at the
active site (13, 22). The modifications (seeMaterials and
Methodsfor details) were sufficient to isolate apoEg5 at

FIGURE 6: Presteady-state kinetics of ATP hydrolysis( monastrol. Time course of [R-32P]MgADP‚Pi product formation after rapidly
mixing apoEg5 in the absence (A) or presence (B) of monastrol with increasing MgATP concentrations in a chemical quench-flow instrument.
Final concentrations: 4µM apoEg5, 5-100 µM [R-32P]MgATP, 0 or 150µM monastrol. (C) The observed exponential rate of product
formation in the absence of monastrol was plotted as a function of MgATP concentration. The data were fit to a hyperbola to define the
maximum observed rate of ATP hydrolysis,kb,max) 1.14( 0.05 s-1 andKd,ATP ) 12.7( 2.0µM. Inset: The amplitude of the exponential
burst phase was plotted versus MgATP, and the data were fit to a hyperbola:A0,max) 0.093( 0.002 ADP/site (13% of expected amplitude
based on Eg5 site concentration). (D) The exponential burst rate in the presence of monastrol was plotted as a function of MgATP
concentration:kb,max) 0.59( 0.04 s-1 andKd,ATP ) 6.8( 2.1µM. Inset: The burst amplitude was plotted versus MgATP:A0,max) 0.15
( 0.005 ADP/site (18% of expected amplitude).

A0 ) E0{[k+1′/(k+1′ + kslow)]2} (7)

kb ) k+1′ + kslow (8)

kss) E0[k+1′kslow/(k+1′ + kslow)] (9)
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>99% purity. The apoEg5 protein preparations were tested
for activity by measuring the steady-state ATPase kinetics
as a function of microtubule concentration at saturating
MgATP, and as a function of MgATP concentration at
saturating microtubule concentration (Table 1). These experi-

ments demonstrated that, under the same experimental
conditions as previous studies (13), apoEg5 retained 95-
99% of its microtubule-activated ATPase activity. In addi-
tion, pulse-chase, acid-quench, and Pi release experiments
were performed using the purified apoEg5 in the presence

FIGURE 7: Presteady-state kinetics of Pi product release( monastrol. ApoEg5 plus MDCC-PBP was rapidly mixed with increasing MgATP
concentrations, and the fluorescence enhancement of MDCC-PBP binding inorganic phosphate (Pi) was monitored in a stopped-flow instrument.
Final concentrations: 1µM apoEg5, 0 or 150µM monastrol, 5µM MDCC-PBP, 0.05 unit/mL PNPase, 75µM MEG, 0.625-200 µM
MgATP. The concentration of Pi product released from apoEg5 (MgATP concentrations are indicated) in the absence (A) and presence (B)
of monastrol was plotted as a function of time. Each transient displayed burst kinetics and was fit to eq 6. (C) The exponential rate of
phosphate release was plotted versus MgATP concentration. The data were fit to a hyperbola. Control:kmax ) 0.54( 0.01 s-1 andKd,ATP
) 6.3 ( 0.3 µM. Monastrol: kb,max ) 0.45 ( 0.01 s-1 andKd,ATP ) 5.1 ( 0.4 µM. The inset shows the data from 0 to 20µM MgATP.
(D) The amplitude of the fast exponential phase of each transient was plotted as a function of MgATP concentration. Each data set was fit
to a hyperbola. Control:A0,max ) 0.10( 0.003 Pi/site (19% of expected amplitude based on Eg5 site concentration) andKd,ATP ) 1.6 (
0.3 µM. Monastrol: A0,max ) 0.14( 0.002µM (15% of expected amplitude) andKd,ATP ) 1.8 ( 0.1 µM. The inset shows the calibration
curve used to convert monitored fluorescence voltage to known phosphate concentration. (E) The rate of Pi product release (k+3) determined
by fitting the Pi release data to eqs 6-9 was plotted as a function of MgATP concentration, and each data set was fit to a hyperbola.
Control: k+1′ ) 0.42( 0.006 s-1 andKd,ATP ) 11.5( 0.8 µM. Monastrol: k+1′ ) 0.44( 0.003 s-1 andKd,ATP ) 7.6 ( 0.3 µM. The inset
shows the modeled Eg5 site concentration (E0) that contributed to the first ATP turnover as a function of MgATP concentration. (F) The
slow rate after Pi release (kslow) was plotted as a function of MgATP concentration, and each data set was fit to a hyperbola. Control:kslow
) 0.14 ( 0.001 s-1 andKd,ATP ) 2.9 ( 0.2 µM. Monastrol: kslow ) 0.022( 0.001 s-1 andKd,ATP ) 0.6 ( 0.2 µM.
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of microtubules, and we observed full burst amplitude from
each transient, demonstrating that the entire population of
apoEg5 sites was fully active.

To determine the nucleotide state of apoEg5, we designed
two experiments to directly test the presence of ADP in each
apoEg5 preparation. First, we utilized analytical gel filtration
to monitor the presence of nucleotide in a sample of apoEg5.
We observed a marked decrease in the relative absorbance
(A259) at the elution time for ADP when comparing apoEg5
with Eg5‚ADP (1:1) or ADP profiles (Figure 1A). After
analyzing the ADP peaks (peak apex at 42.7 min) for each
condition, apoEg5 appeared to retain approximately 0.07
ADP/Eg5 site compared to Eg5‚ADP. However, the sensitiv-
ity range of this assay precludes the ability to quantify the
precise amount of ADP present in our apoEg5 sample at
e0.07 ADP/site. By simultaneously monitoring intrinsic
protein fluorescence (Ex, 280 nm; Em, 340 nm), we did not
detect a peak at 16.2 min (void volume), suggesting that there
was no detectable aggregation at these conditions (Figure
1A, inset).

Second, we used a MDCC-PBP coupled-assay to detect
inorganic phosphate (Pi) product that resulted from the
apyrase cleavage reaction. By treating a sample of apoEg5
with apyrase for 60 min, any ADP bound at the active site
was released (>150 ADP release events at each site) and
converted to AMP+ Pi (data not shown). When this reaction
was mixed with MDCC-PBP, there was very little amplitude
associated with the fluorescence enhancement (<0.05 Pi/Eg5

site) compared to the Eg5‚ADP (1:1) reaction (Figure 1B).
This slight increase in fluorescence may be due to contami-
nating Pi that resides in the apyrase stock solution because
of the small amplitude associated with apyrase in the absence
of apoEg5 (arrows in Figure 1B). Taken together, these
experiments suggest that the apoEg5 preparations were fully
active and essentially nucleotide-free.

Steady-State ATPase ReVeals Tight ATP Binding, yet
Inefficient Catalysis.We characterized apoEg5 by following
steady-state ATP turnover as a function of MgATP concen-
tration in the absence of microtubules. Figure 2 shows that
the maximum observed rate of MgATP turnover by apoEg5
was 0.02 s-1, similar to former Eg5 preparations (13), with
a very tightKm,ATP at 0.17µM. TheKm,ATP was greater than
40-fold tighter in the absence of microtubules compared to
microtubule-activated steady-state ATPase: 0.17µM (apoEg5)
versus 6.95µM (Mt ‚Eg5) (Table 1). However, in the absence
of microtubules, the efficiency of apoEg5 (kcat/Km,ATP)
decreased approximately 5-fold: 0.12µM-1 s-1 (apoEg5)
versus 0.58µM-1 s-1 (Mt‚Eg5). These steady-state ATPase
kinetics suggest that apoEg5 has a high affinity for substrate,
however the slow turnover rate leads to enzymatic inef-
ficiency.

The stability of kinesin family members in the absence of
nucleotide has historically been an issue of concern. For
DrosophilaNcd (Kinesin-14), all attempts to isolate apoNcd
under physiological conditions have failed (14, 29), and
conventional kinesin (Kinesin-1) in the absence of nucleotide

FIGURE 8: Microtubules rescue lowered burst amplitudes. (A) The maximum rate of ATP turnover by apoEg5 was determined under
various reaction conditions (as indicated). Final concentrations: 2µM apoEg5,( 0.25 mg/mL BSA, IgG, or ovalbumin, 200µM [R-32P]-
MgATP. Error bars indicate the standard error in the fit of the velocity data for each experiment. (B) Time courses of [R-32P]MgADP
product formation for pulse-chase experiments in the absence and presence of microtubules (as indicated). Final concentrations: 5µM
apoEg5, 0 or 6µM tubulin, 20µM paclitaxel, 100µM [R-32P]MgATP, 0 or 100 mM KCl, 10 mM unlabeled MgATP chase. The dashed
curves represent expected kinetics of product formation assuming that the entire Eg5 population contributed to the first turnover event. The
insets show the data between 0 and 1 s. In the absence of microtubules, the amplitude was 0.09 ADP/site (10% of expected), and in the
presence of microtubules, the amplitude was 0.76 ADP/site (98% of expected). (C) Time courses of [R-32P]MgADP product formation for
acid-quench experiments in the absence and presence of microtubules (as indicated). Final concentrations: 5µM apoEg5, 0 or 6µM
tubulin, 20µM paclitaxel, 100µM [R-32P]MgATP, 0 or 100 mM KCl. In the absence of microtubules, the amplitude was 0.12 ADP/site
(12% of expected), and in the presence of microtubules, the amplitude was 0.26 ADP/site (96% of expected). (D) The concentration of Pi
product released from apoEg5 in the absence and presence of microtubules was plotted as a function of time. Final concentrations: 1µM
apoEg5, 0 or 2µM tubulin, 20µM paclitaxel, 5µM MDCC-PBP, 0.05 unit/mL PNPase, 75µM MEG, 100µM MgATP, 0 or 100 mM KCl.
In the absence of microtubules, the amplitude was 0.11 Pi released/site (14% of expected), and in the presence of microtubules, the amplitude
was 0.57 Pi released/site (80% of expected).
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was less stable than Kinesin‚ADP, and aggregated at high
protein concentrations (17). Incubation of apoEg5 at either
4 °C or 22°C for a time domain that exceeds the duration

of any kinetic experiment presented in this manuscript did
not significantly affect the ATPase activity (Figure 2, inset).
These data suggest that apoEg5 exists as a very stable

FIGURE 9: ATP hydrolysis reversals and weak ATP binding do not account for reduction in burst amplitude. The acid-quench (A) and Pi
release (B) kinetics at 25µM MgATP were simulated based on a mechanism where the intrinsic rate of ATP resynthesis (k-2) increased
from 0.001 s-1 to 2000 s-1. Experimental conditions: 4µM apoEg5 (acid-quench) and 1µM apoEg5 (Pi release), 25µM MgATP. Simulated
constants:k+1 ) 100µM-1 s-1; k-1 ) 2700 s-1; k+1′ ) 1 s-1; k-1′ ) 0.014 s-1; k+2 ) 10 s-1; k-2 ) 0.001 to 2000 s-1 (as indicated);k+3
) 10 s-1; k+4 ) 0.1 s-1; E0 ) total apoEg5 protein. Insets: The “best” fit of the kinetics at 25µM MgATP wherek-2 ) 2000 s-1. (B) Pi
release kinetics simulated to the mechanism used in panel A. (C and D) Simulations of acid-quench and Pi release kinetics, respectively,
based on a mechanism where the off-rate for ATP binding increases from 0.014 s-1 to 200 s-1 (as indicated). Simulated constants:k+1 )
100µM-1 s-1; k-1 ) 2700 s-1; k+1′ ) 1 s-1; k-1′ ) 0.014-200 s-1 (as indicated);k+2 ) 10 s-1; k-2 ) 0.001 s-1; k+3 ) 10 s-1; k+4 ) 0.1
s-1; E0 ) total apoEg5 protein. Insets: The “best” fit of the kinetics at 25µM MgATP wherek-1′ ) 100 s-1 (acid-quench) and 200 s-1

(Pi release). (E and F) The simulations at 10, 25, and 50µM MgATP (insets) as proposed for the apoEg5 mechanism from Scheme 1 and
Figure 11. Simulated constants:k+1 ) 100 µM-1 s-1; k-1 ) 2700 s-1; k+1′ ) 1 s-1; k-1′ ) 0.014 s-1; k+2 ) 10 s-1; k-2 ) 0.001 s-1; k+3
) 10 s-1; k+4 ) 0.1 s-1; E0 ) 0.15. Note: The 50µM MgATP transients are shown as insets because the data overlay the 25µM MgATP
data, and are difficult to visually resolve when plotted together.
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monomeric kinesin under these experimental conditions,
despite the lack of nucleotide at the active site.

Intrinsic ApoEg5 Fluorescence Enhancement on Nucle-
otide Binding.The motor domain of human Eg5 contains a
single tryptophan residue (W127) that is located on the
insertion loop L5 betweenR2a andR2b [(30), see Figure

3E,F]. Loop L5 is eight amino acids longer than the
homologous loop in Kinesin-1, exists in a relatively flexible
conformation in the Eg5‚ADP crystal structure (30), and
resides in a rigid conformation in the Eg5‚ADP‚inhibitor
crystal structures (21, 31). The primary structure of this loop
has been shown to be critical for the binding of and inhibition
by specific Eg5 inhibitors (32). The conformation of loop
L5 in apoEg5 remains unknown. However, when MgATP
or MgADP was bound to the nucleotide binding site, a
significant enhancement (10.6%) in the steady-state tryp-
tophan fluorescence emission was observed (Figure 3A). To
assess the relative accessibility of the tryptophan residue to
the solvent, acrylamide quenching studies were performed
(Figure 3B). In the absence or presence of nucleotide at the
active site, the tryptophan fluorophore was found to have a
similar degree of solvent accessibility (Ksv ) 4.5 M-1),
suggesting that the residue remains at the surface of the
catalytic domain.

To measure the kinetics of the transient increase in
tryptophan fluorescence upon nucleotide binding, apoEg5
was rapidly mixed with various nucleotides in a stopped-
flow instrument (Figure 3C). MgATP and MgADP appeared
to elicit an equivalent fluorescence enhancement at a similar
rate and amplitude. The binding of MgAMPPNP, a nonhy-
drolyzable ATP analogue, also produced a change in
tryptophan fluorescence, suggesting that the exponential
increase in fluorescence upon MgATP binding corresponds
to an event that occurs prior to ATP hydrolysis. Control
experiments showed that rapid mixing of apoEg5 with either
MgAMP + Pi (1:1) (Figure 3C) or mantAMP+ Pi (data not
shown) did not elicit a change in fluorescence, providing
evidence that apoEg5 does not bind MgAMP+ Pi. Taken
together, these data argue for a mechanistically relevant

FIGURE 10: MantADP binding to apoEg5( monastrol. (A) Representative stopped-flow transients are shown for mantADP binding to
apoEg5 in the absence and presence of monastrol. Final concentrations: 0.5µM apoEg5 for 0.5-2 µM mantADP, 2µM apoEg5 for 2-12
µM mantADP, 0 or 150µM monastrol. (B) The observed exponential rate of mantADP binding to apoEg5 was plotted as a function of
mantADP concentration. Each data set was fit to eq 5. Control:k-4 ) 0.55( 0.04 s-1, K1/2,mADP ) 6.5 ( 1.4 µM, andk+4 ) 0.13( 0.01
s-1. Monastrol: k-4 ) 1.3 ( 0.4 s-1, K1/2,mADP ) 13.1 ( 7.7 µM, and k+4 ) 0.07 s-1 ( 0.04. (C) The amplitude of each transient was
plotted against mantADP concentration, and each data set was fit to a hyperbola. Maximum amplitude was 0.48( 0.02 V for control and
0.19( 0.01 V for monastrol. (D) The amplitude of mantADP binding transients plotted as a function of monastrol concentration, and the
data were fit to eq 4. Final concentrations: 1µM apoEg5, 5µM mantADP, 0-150 µM monastrol. From the fit of the data,Kd,S was 23.4
( 4.8 µM. The inset shows the observed rate of mantADP binding plotted against monastrol concentration.

FIGURE 11: Model of apoEg5 ATPase mechanism. The Eg5 motor
domain at each stage of the ATPase mechanism is shown with the
monastrol binding pocket, the nucleotide binding site, and loop L5
indicated. Species 1, 2, and 6 are shown as binding monastrol
weakly, whereas species 3, 4, and 5 are tight-binding states. Species
1x and 2x represent the “nonproductive” apoEg5 state and the
“nonproductive” Eg5‚ATP collision complex, respectively. The
molecules of ATP, ADP, and monastrol are not drawn to scale
relative to each other.
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conformational change in loop L5 upon nucleotide binding
that results in a change in the environment of the tryptophan
residue (Figure 3E,F).

ATP Binding OccursVia a Two-Step Mechanism.The
observed rate of MgATP binding by tryptophan fluorescence
enhancement was investigated as a function of MgATP
concentration. The exponential rate of MgATP binding
displayed curvature in the concentration dependence (Figure
3D), indicative of (at least) a two-step mechanism where
ATP binding was limited by a first-order isomerization event
that follows the formation of a collision complex (Scheme
1) (33). The fit of these data provided a maximum rate of
MgATP binding (k+1′) at 0.54 s-1 and the dissociation
constant for weak ATP binding (Kd,ATP) at 2.6µM. These
constants indicate a relatively slow isomerization event that
tightens ATP binding to the apoEg5 active site.

The rate of mantATP binding was investigated by direct
mant-fluorescence enhancement (Ex, 360 nm; Em, 400-nm
cutoff) and by fluorescence resonance energy transfer (FRET)
between the tryptophan and the mant-fluorophore (Ex, 295
nm; Em, 400-nm cutoff). Both methods provided similar rates
and amplitudes for mantATP binding (data not shown),
suggesting that both methods are monitoring the ATP-
dependent isomerization step. By monitoring direct mant-
fluorescence, we could assess the effect of monastrol on the
ATP binding steps in the mechanism. Figure 4C shows that,
in the absence or presence of monastrol, there was no
significant difference in both the observed rate of mantATP
binding (0.85 s-1 versus 0.78 s-1) and theKd,mATP (9.9 µM
versus 11.4µM). On the other hand, there was a dramatic
decrease in the amplitude of each transient in the presence
of monastrol (Figure 4D). We cannot correlate the loss of
amplitude to weaker ATP binding due to the similarKd,mATP,
and the similar ATP binding data obtained from pulse-chase
experiments( monastrol, as discussed below (Figure 5).

A wide variety of chemicals can quench the fluorescence
intensity of a fluorophore due to collisional encounters
between the two molecules. To test whether monastrol could
dynamically quench mant-fluorescence in solution, we
analyzed the emission spectrum of mantATP in the absence
and presence of monastrol. The emission spectra superim-
posed (Figure 4E), suggesting that monastrol does not quench
mant-fluorescence; therefore, the decreased amplitude in
Figure 4D cannot be due to collisional fluorescence quench-
ing by monastrol. Because the collision step for ATP binding
comes to equilibrium on a time scale much faster than the
rate of the isomerization, this experiment monitors the
formation of the tightly bound Eg5*‚ATP intermediate. In
order for the amplitude to decrease, we assume that monastrol
must be bound to the Eg5‚ATP collision complex before the
first-order isomerization event occurs. One possible explana-
tion for the decreased amplitude is a change in the local
environment at the nucleotide binding site when monastrol
binds to Eg5, which results in a lower quantum yield from
the mant fluorophore when mantAXP binds tightly to the
active site. However, the nature of the structural change(s)
at the nucleotide binding site upon monastrol binding to the
Eg5‚ATP collision complex remains speculative, though it
does not appear to alter the intrinsic rate constants for the
steps of ATP binding.

Pulse-Chase Experiments ReVeal Transient Isomerization
Intermediate.To measure the presteady-state kinetics of the

formation of a tightly bound Eg5*‚ATP complex, we
performed pulse-chase experiments in a chemical quench-
flow instrument. The experimental design assumes that any
stably bound substrate will proceed in the forward reaction,
while any loosely bound or unbound substrate will be diluted
by the excess MgATP present in the chase (33). The
comparison of the kinetics of product formation obtained
by pulse-chase experiments with those obtained by acid-
quench experiments can provide (1) direct evidence for the
partitioning of the Eg5‚ATP intermediate and (2) evidence
for a long-lived, stable Eg5*‚ATP intermediate prior to ATP
hydrolysis. The transients in Figure 5 reveal similar kinetics
for ATP binding (pulse-chase) and ATP hydrolysis (acid-
quench). However, we did observe a difference in the
amplitude of the exponential burst phase for the acid-quench
data when the experiment was performed with monastrol
(Figures 5 and 6). In the absence of monastrol, the acid-
quenchA0,max ) 0.10 ADP/site and with monastrol,A0,max

) 0.15 ADP/site (Figures 5 and 6). The acid-quench data
lack a significant initial lag phase preceding the exponential
phase, suggesting that the Eg5*‚ATP complex proceeds
immediately and rapidly toward the chemistry step, and that
the observed rate of ATP hydrolysis is limited by the slow
conformational change that leads to the tightly bound Eg5*‚
ATP hydrolysis competent intermediate.

If monastrol were to bind to apoEg5 and stabilize a
conformation that results in an obstructed nucleotide binding
site where ATP cannot collide, then we would expect an
additional reduction in burst amplitude in the presence of
monastrol. However, by comparing pulse-chase transients
in the absence and presence of monastrol, we found that the
amplitudes were similar (A0 ) 0.14 ADP/site). These results
suggest that monastrol is not reducing the apoEg5 population
that has the potential to bind ATP.

Kinetics of ATP Hydrolysis and Pi Product Release Argue
for Rapid Steps in Mechanism.We performed acid-quench
experiments as a function of MgATP concentration to
determine the maximum observed rate of the ATP hydrolysis
step and the apparentKd,ATP. Figure 6 shows that, in the
absence or presence of monastrol, the maximum observed
burst rate of ATP hydrolysis was 1.14 s-1 and 0.59 s-1,
respectively, while each transient lacked a significant lag
phase even at low MgATP concentrations. We also observed
a decrease in the expected amplitude for each transient:
control) 0.09 ADP/site (13% of expected amplitude) versus
monastrol) 0.15 ADP/site (18% of expected amplitude).
These kinetics are quite similar to those obtained from our
pulse-chase experiments (Figure 5). Based on these data,
ATP hydrolysis appears to be limited by the ATP-dependent
isomerization event, and after Eg5 binds ATP tightly, it
hydrolyzes the nucleotide and presumably releases the Pi

product very rapidly.
To directly measure the kinetics of Pi product release from

the Eg5 active site after ATP hydrolysis, we performed
stopped-flow experiments that detect the change in MDCC-
PBP fluorescence upon binding Pi released into solution (24).
Our Pi release kinetics for apoEg5 suggest a rapid Pi product
release step after ATP hydrolysis (Figure 7), thereby render-
ing the ATP hydrolysis step as kinetically irreversible. We
also observed a decrease in burst amplitude (0.10 and 0.14
Pi/site; 19% and 16% of expected amplitude; Figure 7D),
which was consistent with our ATP hydrolysis kinetics
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(Figure 6). As shown in Figure 7E, the maximum observed
rate of Pi product release (k+1′) was similar in the absence
or presence of monastrol (control, 0.42 s-1; monastrol, 0.44
s-1).

Taken together, these results suggest that after apoEg5
undergoes the ATP-dependent isomerization, it rapidly
hydrolyzes ATP and immediately releases Pi product. The
rate of ATP hydrolysis by the Mt‚Eg5 complex was at least
12-fold faster than the observed rate for apoEg5 (1.14 s-1

versus 13.3 s-1) (13). A fast reaction that occurs in series
with a slow reaction will proceed at the rate of the slow
reaction (33); thus the rate of ATP hydrolysis will be limited
by the relatively slow, ATP-promoted isomerization step.
There was not a considerable lag phase in the ATP hydrolysis
kinetics, thus implying that the two steps in the mechanism
occur at significantly different rates (>10-fold) (33). Like-
wise, the release of Pi product was measured at the same
observed rate as the isomerization step without a substantial
initial lag phase corresponding to ATP binding and ATP
hydrolysis. Taken together, these data indicate that the Eg5*‚
ATP and the Eg5‚ADP‚Pi intermediates are kinetically
transient. Our pulse-chase data support this hypothesis given
the similar rates and amplitudes of the pulse-chase transients
compared to acid-quench transients (Figure 5).

Reduction of Product Burst Amplitude Rescued by Mi-
crotubules.Data sets from pulse-chase, acid-quench, and Pi

product release experiments show a considerable decrease
in amplitude of the fast exponential phase for each transient.
Several factors could contribute to the reduced amplitude:
(1) a slightly heterogeneous apoEg5 preparation where a
subpopulation (<5%) retains ADP at the nucleotide binding
site, (2) inactive apoEg5, (3) weak ATP binding, (4) reversals
at the ATP hydrolysis step, and/or (5) “nonproductive”
apoEg5 enzyme that cannot generate the ATP-promoted
structural transitions required to proceed forward to ATP
hydrolysis. A slight heterogeneity in the apoEg5 population
and inactive apoEg5 protein cannot fully explain the reduced
burst amplitude based on the results presented in Figure 1.
In addition, there is no evidence for weak ATP binding. In
fact, theKm,ATP was 0.17µM. As already mentioned, an
increase in the intrinsic rate of ATP resynthesis (k-2) cannot
explain the observed kinetics of ATP hydrolysis and Pi

product release (Figure 9; see further details below). To
evaluate whether adsorption of apoEg5 to the walls of the
reaction tubes was leading to a loss in enzymatic sites, we
followed steady-state ATP turnover in the presence of BSA,
IgG, or ovalbumin at 0.25 mg/mL. We did not observe a
significant difference in the rate of ATP turnover by adding
the additional protein (Figure 8A). Interestingly, the steady-
state ATPase activity of apoEg5 in the presence of micro-
tubules provided a maximum rate of ATP turnover that was
suggestive of fully active protein (Table 1).

To directly measure the activity of the apoEg5 protein used
in the presteady-state experiments, we repeated the experi-
ments with the Mt‚Eg5 complex. When pulse-chase, acid-
quench, and Pi product release experiments were performed
with the Mt‚Eg5 complex, we observed>95% of the
expected amplitude for the burst of product formation (Figure
8B-D), suggesting that all apoEg5 protein has the potential
for ATP binding and hydrolysis during the first turnover
event. These data are consistent with the hypothesis that there
is a subpopulation of apoEg5 that cannot drive the structural

transitions for ATP hydrolysis; therefore, this population
remains silent in the pulse-chase, acid-quench, and phosphate
release kinetics in the absence of microtubules leading to
the reduction in burst amplitude.

ATP Hydrolysis ReVersals and Weak ATP Binding Do Not
Explain the Reduction in Burst Amplitude.Two possible
explanations for the reduction in burst amplitude are an
internal equilibrium that is established at the ATP hydrolysis
step, where ATP hydrolysis is followed by ATP resynthesis,
and weak ATP binding. Experiments to directly test the first
hypothesis (intermediate O18 exchange) have not been
employed in this study. However, we used DynaFit software
to simulate the kinetics of product formation when the
intrinsic rate constant for ATP resynthesis (k-2) increases,
while the total apoEg5 site concentration remained constant
based on the conditions of the experiment. As we increased
the value fork-2, the burst amplitude was reduced; however,
the initial lag phase was substantially increased, and the
simulated curves did not follow the actual experimental data
at any value ofk-2 tested (Figure 9A,B). We also tried
increasing the off-rate of ATP binding (k-1′) during these
simulations, but again were unable to attain a good fit of
the data (Figure 9C,D). We were unable to find a combina-
tion of rate constants for the entire apoEg5 population
reporting for ATP binding, ATP hydrolysis, Pi release, and
ADP release (Scheme 1) that provided a reasonable fit of
the data.

On the other hand, if we decreased the apoEg5 concentra-
tion to a value similar to the fraction of sites that reported
during ATP hydrolysis and Pi release experiments (∼15%),
the maximum rate of ATP binding at 1 s-1, the forward rates
of ATP hydrolysis and Pi release at 10 s-1, and the rate of
ADP release at 0.1 s-1, we were able to simulate transients
at 10, 25, and 50µM MgATP within the error of the
experiment (Figure 9E,F). For the 25µM MgATP transient,
the mean square of the least-squares fit using DynaFit was
0.00023 and 0.0000033 for the acid-quench and the Pi release
transients, respectively (Figure 9E,F), whereas, by adjusting
the rate constants and holding the apoEg5 concentration fixed
(as described above), the “best” least-squares fit provided a
mean square of 0.013 and 0.0031 for the acid-quench and
Pi release transients, respectively (Figure 9A-D, insets).
These simulation results suggest that our proposed mecha-
nism, in which a substantial fraction of “nonproductive”
apoEg5 is unable to properly bind and hydrolyze ATP,
remains the best explanation for the observed kinetics in the
presteady-state experiments.

MantADP Binding OccursVia Two-Step Process.We
performed mantADP binding experiments in the absence and
presence of monastrol to determine the kinetics of ADP
binding and release from apoEg5 (Figure 10, Scheme 2).
We observed hyperbolic mantADP binding kinetics, which
is indicative of at least two-step binding of ADP as observed
for ATP (Figures 3 and 4). The off-rate for mantADP
binding, as determined from the extrapolation of the fit of
the data back to they-axis (control, 0.13 s-1; monastrol, 0.08
s-1), was similar to the rate of the slow step after Pi product
release that limits steady-state ATP turnover (control, 0.14
s-1; monastrol, 0.022 s-1) (Figure 7F). The results in Figure
10 document two ADP intermediates (Scheme 2): the Eg5‚
ADP collision complex and the Eg5*‚ADP intermediate
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detected by saturation of the observed rate for mantADP
binding.

In the presence of monastrol, we observed a faster rate
for the isomerization of the Eg5‚mantADP collision complex
(control 0.55 s-1 versus monastrol 1.3 s-1) (Figure 10B). In
addition, the amplitude of each transient was decreased to a
similar extent as the mantATP binding transients (compare
Figure 4D with Figure 10C), suggesting that an alteration
of the nucleotide binding site environment by monastrol
lowers the quantum yield of mantADP as well.

Monastrol Slows ADP Product Release.As published
previously (22), [R-32P]ADP release from Eg5 was a slow
step in the absence of monastrol and was slowed further in
the presence of monastrol (0.05 s-1 versus 0.007 s-1). This
is consistent with the observation of presteady-state burst
kinetics in the pulse-chase, acid-quench, and Pi release
experiments presented in this manuscript. The data for acid-
quench and Pi release experiments were modeled to a two-
step irreversible mechanism to obtain the rate constants of
ATP hydrolysis (k+2) and Pi product release (k+3), respec-
tively, and the rate constant for the slow step after Pi release
(ADP release) that limits steady-state ATP turnover (kslow).
For these experiments,kslow was 0.14 s-1 in the absence of
monastrol and 0.025 s-1 in the presence of monastrol, and
the maximum observed rate of ATP turnover was inhibited
by monastrol (0.019 s-1 to 0.003 s-1). The inhibition of the
rate of ADP release correlates well with the reduction in the
rate of ATP turnover; however, there is a 7-fold difference
between the rate of ADP release and the steady-statekcat

under both conditions. Our hypothesis for this difference is
a subpopulation of apoEg5 that either cannot bind ATP or
cannot promote the conformational change to generate the
ATP hydrolysis-competent intermediate. Nevertheless, this
“nonproductive” subpopulation of apoEg5 is present in the
absence of monastrol, suggesting that it is not the result of
monastrol binding.

Monastrol Binds Weakly to the Eg5‚AXP Collision Com-
plexes.In both mantATP and mantADP binding experiments,
we observed a marked decrease in the amplitude of each
transient in the presence of monastrol. To determine the
monastrol concentration-dependence of this phenomenon, we
performed mantAXP binding experiments as a function of
monastrol concentration (Figure 4F and Figure 10D). In both
experiments, we obtained an apparentKd,S ) 25 µM, which
was an order of magnitude weaker than the apparentKd,S

measured by steady-state ATPase inhibition:Kd,S ) 2.3µM
(see Figure 1A in ref22). In addition, the results in Figure
3C show that MgADP and MgATP trigger the enhancement
of tryptophan fluorescence at the same rate and amplitude,
suggesting that this change in fluorescence is a readout of
the same structural transition of loop L5 achieved by either
ADP or ATP binding. There is not a detectable signal for
direct binding of monastrol to apoEg5, yet these results
indicate that monastrol binds by a two-step mechanism
(Figure 11). In the first step, monastrol collides and binds
weakly to apoEg5 in the absence of nucleotide, and its
affinity for Eg5 is tightened by the ATP-dependent (or ADP-
dependent) isomerization. We propose that this nucleotide-
dependent isomerization is correlated with the “closing” of
loop L5, which promotes both tight nucleotide and tight
monastrol binding and was detected experimentally by the
enhancement of the tryptophan fluorescence (Figure 3). The

results suggest that the monastrol weak binding state is
detected by theKd,S at 25µM and that the isomerization to
the second intermediate is detected by theKd,S at 2.3µM.
This closed state achieved by tight nucleotide and monastrol
binding would slow the rate of ADP release from the active
site. We propose for ADP release that loop L5 adopts the
“open” conformation, thus the affinity for ADP is weakened
(Figure 11).

DISCUSSION

In this study, we have combined steady-state and prest-
eady-state methodologies to define a minimal mechanism
of the mitotic Eg5 ATPase in the absence of microtubules
(Figure 11, Table 1). By comparing the basal Eg5 ATPase
to the microtubule-activated ATPase (13), we were able to
gain insight into the amplification and acceleration of the
structural transitions that dictate the microtubule-dependent
activation. In addition, we have investigated the mechanistic
basis for the allosteric inhibition of the basal Eg5 ATPase
by monastrol.

ApoEg5 Was ActiVe, Stable, and Nucleotide-Free.A
critical factor for this study was the characterization of the
apoEg5 protein obtained from our adopted purification
strategy. Steady-state ATPase assays were performed in the
absence and presence of microtubules, and the activity under
the same experimental conditions was found to be compa-
rable to former Eg5 preparations [Table 1 (13, 22)]. Remark-
ably, the apoEg5 protein was very stable (Figure 2, inset),
despite the lack of ADP at the active site (Figure 1).
Therefore, our apoEg5 site concentration can be reasonably
estimated to>95% of total protein concentration determined
by Bradford assays.

“NonproductiVe” Versus “ProductiVe” ApoEg5 States Are
in Rapid Equilibrium.We observed a dramatic difference
between the steady-statekcat and the rate of ADP release
(rate-limiting step). We also observed a reduction in the
expected amplitude for our pulse-chase, acid-quench, and
Pi product release experiments. When we divide the maxi-
mum velocity of steady-state ATP turnover (0.0017µM
ADP‚s-1) by the concentration of apoEg5 sites reported
during the presteady-state experiments (0.013-0.019µM),
we obtain a steady-statekcat at 0.09-0.13 s-1, which is
consistent with the rate of ADP release. Control experiments
in the presence of microtubules demonstrated that>95% of
the Eg5 population can contribute to the first ATP turnover
event (Figure 8). These data seem to suggest that, in the
absence of microtubules, there is a subpopulation of apoEg5
that is unable to drive the ATP-dependent structural transi-
tions that are required for ATP hydrolysis during both the
first turnover and subsequent ATP turnover events (Figure
11). In contrast, when apoEg5 was bound to microtubules,
we observed the entire Eg5 population in the “productive”
state, and thus able to properly bind and hydrolyze ATP
(Figure 8). These results provide evidence for the role of
microtubules in amplifying and accelerating the structural
transitions that account for Eg5’s ATPase efficiency.

Substrate Binding Was Dramatically Slower.The kinetics
of ATP binding were determined by measuring the intrinsic
tryptophan fluorescence enhancement upon MgATP binding
(Figure 3), as well as monitoring the fluorescence change
upon mantATP binding at the apoEg5 active site (Figure 4).
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Both experiments demonstrated that substrate binding to
apoEg5 seemed to occur in at least two distinct kinetic
steps: formation of the initial weak-binding collision com-
plex (Eg5‚ATP) followed by an isomerization of the collision
complex that leads to tightened ATP binding (Eg5*‚ATP).
In comparison to the substrate binding kinetics for the Mt‚
Eg5 complex, we found that Eg5 has a similar affinity for
ATP: Kd,mATP ) 9.9 µM (apoEg5) versus 7.9µM (Mt ‚Eg5)
(22). However, the rate of the isomerization step was
approximately 55-fold slower for apoEg5: 0.85 s-1 (apoEg5)
versus 47.0 s-1 (Mt‚Eg5) (22). We propose that the micro-
tubule amplifies and accelerates the structural transitions in
the Eg5 motor domain that lead to tight ATP binding. A
recent study suggests that a conformational change in the
nucleotide binding site via the switch-1 region occurs when
kinesin-family motors bind to microtubules (34). The mi-
crotubule seems to lower the energy barrier for conforma-
tional changes in Eg5’s switch regions, thus rendering the
kinetic steps of ATP binding much faster.

MoVement of Loop L5 Correlates with MoVement of the
Switch Regions.The insertion loop L5 that interrupts helix
R2 varies considerably in sequence among different sub-
families of kinesins and, for Eg5, seems to be a “hotspot”
for specific inhibitors (21, 31, 32). Certainly this loop was
not designed to facilitate the binding of these inhibitors, but
likely undergoes structural transitions during the ATPase
cycle that correlates with the movements of the functional
components of the Eg5 catalytic domain, such as switch-1
and switch-2 regions. Loop L5 is located in close proximity
to the N-terminal end of helixR3, which in turn is connected
to loop L9 that contains theγ-phosphate sensing residue
(S233) (Figure 3E,F). Loop L5 contains the lone tryptophan
residue in the human Eg5 motor domain. In this study, we
have demonstrated a nucleotide-dependent enhancement of
tryptophan fluorescence, which marks the conformational
changes that occur upon tight ATP or ADP binding to the
Eg5 active site. This conformation change in loop L5 appears
to occur before ATP hydrolysis, due to the fluorescence
enhancement upon AMPPNP binding, and also seems to
persist after ATP hydrolysis and Pi product release, due to
the sustained fluorescence intensity over the time course for
the first turnover event. Thus, we hypothesize that the
movement of loop L5 is tightly correlated to Eg5’s mechano-
chemical cycle. A recent study demonstrated that if loop L5
from Eg5 were replaced with a homologous loop from
Kinesin-1, the ATPase in the absence of microtubules
decreased∼2-fold, thus supporting our hypothesis (32).

All Eg5 crystal structures solved to date contain ADP at
the active site (21, 31, 32). Interestingly, the Eg5‚ADP‚
inhibitor crystal structures display an altered conformation
of loop L5 compared to the Eg5‚ADP structure. The
interpretation of this structure was a conformational change
in loop L5 that was “induced” by the inhibitor binding.
However, our data argue that this “open” to “closed”
conformational change in loop L5 occurs normally during
the Eg5 ATPase mechanochemical cycle. In addition, when
the inhibitor is present in its allosteric site, it stabilizes this
Eg5S‚ADP conformation of loop L5, and thus slows ADP
product release dramatically. Our mantADP binding data
suggest that ADP binds to apoEg5 in a two-step fashion,
with a rapid-equilibrium collision step followed by an
isomerization of the Eg5‚ADP collision complex to tighten

the binding of ADP. We also observed an enhancement of
tryptophan fluorescence upon ADP binding that was quite
similar in rate and amplitude when compared with ATP
binding. Therefore, we propose that the structural transition
coupled to ADP product release is rate-limiting in the apoEg5
mechanism, and the conformation of loop L5 correlates with
this structural transition to the “open” state (Figure 11;
Species 6).

Monastrol Binding OccursVia a Two-Step Mechanism.
As previously reported, the ATP binding steps of the Mt‚
Eg5 ATPase mechanism were not affected by monastrol (22).
As demonstrated in this study, monastrol also does not
significantly affect the kinetics of ATP binding, ATP
hydrolysis, and Pi release in the absence of microtubules.
However, monastrol does appear to bind the Eg5‚ATP and
Eg5‚ADP collision complexes, and surprisingly alters the
nucleotide binding site environment in a manner that leads
to a reduction in the quantum yield from mantAXP fluores-
cence. Monastrol does not quench the fluorescence of the
mant-fluorophore in solution, and ATP binding does not
seem to be weakened in the presence of monastrol. A slight
decrease in amplitude was also observed in similar experi-
ments performed with the Mt‚Eg5 complex (22), which
suggests that a similar nucleotide binding site environment
may be attained when monastrol binds the Mt‚Eg5‚ATP
collision complex.

In this study, we found that monastrol binds to the Eg5‚
ATP or Eg5‚ADP collision complex more weakly than
detected by steady-state turnover [25µM versus 2.3µM
(22)]. We propose that monastrol binds weakly to the
nucleotide-free state and Eg5‚AXP collision complexes due
to the “open” conformation of loop L5, and concomitantly
with tight nucleotide binding, a conformational change in
loop L5 occurs to “close” the inhibitor pocket, thus dramati-
cally increasing Eg5’s affinity for monastrol. A communica-
tion pathway from the nucleotide binding site to loop L5 is
possibly mediated through a conformational change in the
switch-1 region and is relayed through helixR3 to the
insertion loop L5, which is located in close proximity to the
N-terminal end of helixR3 (Figure 3E).

In summary, the minimal apoEg5 ATPase mechanism
shares similarities in the kinetic steps required for ATP
turnover compared to the Mt‚Eg5 mechanism; however, the
rate constants that define these steps show dramatic differ-
ences. ATP binding occurs via a two-step process for both
pathways, yet the isomerization of the Eg5‚ATP collision
complex is dramatically slower for apoEg5. The microtubule
appears to amplify and accelerate the conformational changes
that tighten ATP binding. ATP hydrolysis and Pi product
release are rapid steps in the mechanism, yet the observed
rate constants are significantly slower in the absence of
microtubules. In addition, there is no kinetic evidence for
ATP hydrolysis reversals for apoEg5 as observed for myosin
(35). The structural transition(s) of the Eg5‚ADP intermediate
coupled to ADP release is the rate-limiting step in the
pathway, and this step is dramatically accelerated upon
binding to the microtubule (0.05 s-1 to 35 s-1) such that
ADP release no longer limits steady-state ATP turnover for
the Mt‚Eg5 complex. Monastrol appears to bind weakly to
apoEg5, but after ATP binding and the ATP-dependent
isomerization, apoEg5 binds monastrol tightly. This monas-
trol-stabilized state inhibits the conformational change needed

Eg5 ATPase in the Absence of Microtubules Biochemistry, Vol. 44, No. 50, 200516647



for rapid ADP product release. Therefore, monastrol has
stabilized a mechanistically relevant structural state of the
Eg5 to elicit its inhibitory effect upon the ATPase cycle.
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