1784 Biochemistry2000,39, 1784-1791

Kinetic Studies of Dimeric Ncd: Evidence That Ncd Is Not Procedsive
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ABSTRACT. Ncd is a kinesin-related motor protein which drives movement to the minus-end of microtubules.
The kinetics of Ncd were investigated using the dimeric construct MC12PPelys’%) expressed in
Escherichia colistrain BL21(DE) as a nonfusion protein [Chandra, R., Salmon, E. D., Erickson, H. P.,
Lockhart, A., and Endow, S. A. (1993) Biol. Chem. 2689005-9013]. Acid chemical quench flow
methods were used to measure directly the rate of ATP hydrolysis, and stopped-flow kinetic methods
were used to determine the kinetics of mantATP binding, mantADP release, dissociation of MC1 from
the microtubule, and binding of MC1 to the microtubule. The results define a minimal kinetic mechanism,
M:N + ATP < M-N-ATP < M-N-ADP-P <= N-ADP-P <= N-ADP + P <= M-N-ADP <= M-N + ADP,

where N, M, and P represent Ncd, microtubules, and inorganic phosphate respectively, jwitt2.3

UMt s 1 ki, =235t kiz=13 s, kis = 0.7uM 1 s, andks = 3.7 s'1. Phosphate releask.()

was not measured directly although it is assumed to be fast relative to ADP release because Ncd is purified
with ADP tightly bound at the active site. ATP hydrolysis occurs at 2B8psior to Ncd dissociation at

13 s1. The pathway for ATP-promoted detachment (step8)lof Ncd from the microtubule is comparable

to kinesin’s. However, there are two major differences between the mechanisms of Ncd and kinesin. In
contrast to kinesin, mantADP release for Ncd at 3¥is the slowest step in the pathway and is believed

to limit steady-state turnover. Additionally, the burst amplitude observed in the pre-steady-state acid quench
experiments is stoichiometric, indicating that Ncd, in contrast to kinesin, is not processive for ATP
hydrolysis.

Ncd! is a member of the kinesin superfamily of motor Additionally it has been reported that Ncd is not as highly
proteins which translocate along microtubules by coupling processive as kinesir8{10). Howard et al. {1) reported
ATP hydrolysis to force production2( 3). Conventional in 1989 that a single kinesin molecule is sufficient to move
kinesin, the founding member of the kinesin superfamily, a microtubule in motility assays, and the observation of a
moves membranous organelles from the neuron cell body super-stoichiometric phosphate burst published in 1995
to the synapse by driving movement to the plus-end of confirmed that kinesin is a chemically processive ATPase
microtubules 4, 5). Ncd, on the other hand, is responsible (12). Ncd, on the other hand, requiregt motors/microtubule
for spindle organization and integrity during female meiosis to produce movement.(), and motility assays indicate that
and during the early cleavages of tbeosophila melano-  Ncd does not move processively along the microtub@je (
gasterembryo. Therefore, Ncd is a molecular motor that 10). However, to date, there is little evidence that the dimeric
moves one microtubule relative to another by generating Ncd motor is not chemically processive. Additionally, the
minus-end directed movemer8, (7). Ncd and kinesin also  possibility that single Ncd molecules are moving microtu-

differ in their motility and ATPase rates: Ncd is a much pyles below the limit of resolution of the motility assays
slower motor with respect to both aspects than kinesin. cannot be excluded.
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cycle while ADP release occurred rapidly. Ma and Taylor 2.95
(18, 19), however, reported that ADP release was much
slower and did make a contribution to limiting the steady-
state rate of the ATPase cycle. For a monomeric Ncd
construct, Pechatnikova and Tayl@0] reported that ADP
release occurred extremely slowly and was rate limiting, and
their recent report on the Ncd dimer also revealed ADP
release to be the slowest step in the pathwai).(The
evidence suggests that the rate-limiting step in the ATPase
cycle of kinesin and Ncd may differ.

This work was undertaken to provide a detailed kinetic
analysis of the ATPase mechanism of a dimeric Ncd
construct. The results presented here establish a minimal
kinetic scheme for the MiNcd ATPase. There are two major
differences between the ATPase cycles of kinesin and Ncd.
First, Ncd is not a processive ATPase while kinesin is
processive. Additionally, ADP release is the rate-limiting step 0
in the Ncd ATPase cycle with motor dissociation from the MantATP (uM)
microtubule occurring relatively quickly. The kinetics for Ficure 1: MantATP binding to the MtN complex. The preformed

MC1 also suggest that the motor domains are not strictly mte'nggglﬁoggxﬂglvqumgggﬂlghf#\tN'\i/{hM(\?/;Zy\?;le f?grllignfg:;?gng‘ of
independent of each other. mantATP (16-80«M). All concentrations refer to final concentra-
tion of reactants after mixing. (A) A representative stopped-flow
transient, the average of four individual traces, was obtained after
mixing the MtN complex with 4uM mantATP. The smooth line
shows the fit of the data to a single-exponential plus a linear term
which providesk.ps = 76.0 + 1.3 s1 for the initial exponential
phase and 0.47$ for the slow phase. (B) The rate constant of the

e initial exponential phase for each transient was plotted as a function
VWR ' Scientific (West Chester, PA), and TaxdTaxus of mantATP concentration. The data were fit to a straight line

brevifolia) from Calbiochem. ATP, GTP, DEAE-Sepharose yje|ding the second-order rate constdat, = 2.3+ 0.1uM1sL,

FF, and SP-Sepharose were obtained from Pharmacia Bio-The rate of slow phase of fluorescence enhancement is essentially
tech, Inc. (Uppsala, Sweden). independent of mantATP concentration and varied from 0.25 to

Buffer Conditions The following buffer was used for the 0.45 s
experiments described: ATPase buffer at Z5 (20 mM
Hepes, pH 7.2, with KOH, 0.1 mM EDTA, 0.1 mM EGTA,
5 mM MgAcetate, 50 mM KAcetate, 1 mM DTT, and 5%
sucrose).
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EXPERIMENTAL PROCEDURES

Materials [a-*?P]JATP (>3000 Ci/mmol) was purchased
from NEN Life Science Products, PEl-cellulose F TLC plates
(EM Science of Merck, 20< 20 cm, plastic backed) from

solution. This approach was chosen due to concern that Ncd
protein behavior may be altered by the treatment and concern
that a significant concentration of inactive MC1 would be
present in the reactions because of the loss of activity
Protein Purification The dimeric Ncd construct (MC1)  associated with removal of nucleotide from the active site.
was expressed in thE. coli cell line BL21(DE3) from a For MC1, the acid quench experiments showing full burst
clone (1) generously provided by Sharyn Endow, Duke amplitude (Figure 2) indicate that incubation with microtu-
University Medical Center. This MC1 construct is expressed bules to form the MIN complex does activate ADP release
as a nonfusion protein and contains amino acid residuesfrom the active sites of MC1.
Lel?%—Lys’ therefore, the N-terminal ATP-independent On the day of each experiment, the microtubules were
microtubule binding site is absent. MC1 was purified and assembled from soluble tubulin (cold depolymerized and
characterized as described previousB?2)( The protein clarified by centrifugation) and stabilized with 20/ Taxol
concentration of purified MC1 was determined by the as described previousl28). This procedure yielded micro-
Bradford method (Bio-Rad Protein Assay, IgG as standard) tubules that were competent for polymerization with es-
and spectrophometrically a#;s0 and atAysg to determine sentially no soluble tubulin remaining.
the concentration of the stoichiometrically bound ADR)( Fluorescence Nucleotide Analogud@$ie N-methylanthra-
Four different MC1 preparations were used for the pre- niloyl derivatives of adenine nucleotides were synthesized
steady-state experiments reported. Each preparation wag24) and characterized as described previously; 25). In
characterized for active-site concentrati@®)(and steady-  the experiments reported here, we used different mant
state turnover. The steady-state parameters were comparablisomers: 2nant-3dATP, 3mant-2dATP, the mixture of 2

for the four preparationske, = 1.964 0.06 s, Ky atp =
23.14+ 1.8uM, andKypom = 20.54+ 1.75uM. The Kq4 for
dimerization for MC1 €5 nM) was determined by equilib-

and 3-isomers of mantATP (mantATP), and the mixture of
2'- and 3-isomers of mantADP (mantADP). The two isomers
in mantATP (or mantADP) differ from the pure isomers in

rium sedimentation centrifugation and reported previously that a hydroxyl group is attached to the @r 3-carbon of
(22). The MC1 concentration used in the pre-steady-state the ribose.

experiments was significantly greater than 5 nM; therefore,
MCL1 is dimeric under the conditions of these experiments.

Acid Quench ExperimentsThe rate constant of ATP
hydrolysis was measured using a rapid chemical quench-

For the steady-state and pre-steady-state experiments reflow instrument (KinTek Corp., Austin, TX) at 25C in

ported, we have not pretreated the-Nltomplex to remove
bound ADP or ADP released from the active site into

ATPase buffer. ATP hydrolysis was measured by rapidly
mixing the preformed M complex (2QuM tubulin, 5uM
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8 , . . formation of jo-32P]JADP-P; at the active sitel, is the rate

A constant of the pre-steady-state burst phases the rate
constant of the linear phase and corresponds to steady-state
turnover, and is the time in seconds.

Stopped-Flow KineticsThe kinetics of mantATP binding,
mantADP release, dissociation of MC1 from the microtubule,
and binding of MC1 to the microtubule were measured using
a KinTek Stopped-Flow Instrument (model SF-2001, KinTek
Corp., Austin, TX) equipped with a 100 W Hg arc lamp at
" 25°C in ATPase buffer. Each trace shown is an average of
0 02 _ 04 06 0.8 four to eight traces. For experiments with the nucleotide

Time (sec) analogues mantATP and mantADP, the fluorescence emis-

5 sion at 450 nm was monitored using a 400 nm cutoff long-
wave pass filter with excitation at 360 nm. The dissociation
kinetics of the MiMC1 complex and the binding kinetics
of MC1 to microtubules were determined by turbidity
measurements at 340 nm. The kinetic transients were fit to
a single-exponential function plus a linear term using KinTek
software (version 5.28).

The mantATP binding data in Figure 1B were fit to a

. straight line such that
FIGURE 2: Pre-steady-state ATP hydrolysis by MC1. The preformed

Mt-N complex (5uM MC1, 20 4M tubulin) was rapidly mixed in —
the chemical quench flow instrument with varying concentrations Kobs = Ky1[MantATP]+ k (2)

of [a-3?P]MgATP and allowed to react for 0.62 s as described ) ) )
in the Experimental Procedures. All concentrations reported are final Wherekopsis the rate constant obtained from the exponential

after mixing. (A) The transients for ATP hydrolysis in the presence phase of the fluorescence change; defines the second-
of 10 uM (@), 25uM (O), 50uM (x), and 100uM (a) [a-*?P]- order rate constant for mantATP binding, dnd, obtained

MgATP. The data were fit to the burst equation (eq 1). Only the y
initial 0.8 s of each transient is shown to expand the time domain from the y-intercept, corresponds to the rate of mantATP

of the initial burst phase. (B) The pre-steady-state kinetic burst rate 'elease. The dissociation equilibrium constant is defined by

constant calculated for each transient and plotted as a function of

[0-32P]MgATP concentration. The data were fit to a hyperbola Ky =K /Ky g )

which yieldsk;, = 23.44 1.2 st andKgarp = 16.4+ 3.1 uM.

The [a-*P]MgATP concentrations used were sufficiently high such RESULTS

that ATP binding K+1) no longer limits the rate of the first turnover.

Therefore, the maximum rate constant for the burst predicts the MantATP Binding to MMMC1 Complex We began our

gfﬁﬁief}“urfg ;?é%go“sstﬁgtgoigrTou)égrggzlﬁ%ét%&g;ﬁmPg‘#ge analysis of the ATPase mechanism of Ncd by measuring the

- - u uncti g P

concerp:tration. 1¥he data Wer% fit to a hyperbola (maxin%um burst pre-steady-state kinetics of mantATP b'”d'ng o thetdii1

amplitude= 5.7 + 1.1 uM). Panels B and C contain data from cOmplex. MantATP and mantADP are considered to be good

experiments not shown in panel A. fluorescence analogues for Ncd because the ATPase and
mantATPase activities are very simil@6j. The steady-state

MC1, and 2QuM Taxol, final after mixing) with increasing  k.,; and Ky for Ncd are nearly the same in the presence

concentrations ofd-*PJATP. The reaction was quenched of either ATP or mantATP. The preformed Nit complex

with 2 N HCI and expelled from the instrument. Chloroform (20 4M tubulin and 6uM MC1, final after mixing) was

(100u4L) was immediately added and vortexed to denature rapidly mixed with varying concentrations of mantATP 10

the protein. The reaction was then neutralized\&itVl Tris/3 80uM) in the stopped-flow, and the change in fluorescence

N NaOH to pH 7.2-8.0. An aliquot (1.5:L) of each reaction ~ was monitored. The enhancement in fluorescence is associ-

mixture was spotted onto a PEI-cellulose TLC plate and ated with mantATP leaving the hydrophilic buffer environ-

subsequently developed with 0.6 M potassium phosphatement and entering the more hydrophobic active site of the

buffer, pH 3.4, with phosphoric acid. Radiolabeled nucleotide enzyme. Figure 1A shows that mantATP binding (mixture

was quantified using a FUJI Bas-2000 Phosphorimager (Fuji of 2'- and 3-mantATP isomers) provides a biphasic fluo-

Photo Film Co., Ltd). The acid quench liberated bound rescence change: a fast exponential increase in fluorescence

nucleotide and products from the active site of MC1. Thus, followed by a slower increase in fluorescence at 0.43 s

the product formed at each time point represents the sum ofAs the mantATP concentration was increased, the rate

N-[0-32P]JADP-P;, N-[0-*2P]JADP, and fi-*P]JADP released  constant of the exponential phase increased linearly as shown

from the active site of the enzyme and free in solution. The in Figure 1B. The observed rate at @M mantATP was

data were analyzed by nonlinear regression using Kaleida-186 s. Deterioration of the signal relative to noise precluded

Product Formed (WM ADP)
N

w B

N

Burst Rate (sec’1)
Burst Amplitude (uM)

N

0 20700 150 200 Co® 50 100 150 200 250 300
ATP (uM) ATP (uM)

Graph software (Synergy Software, Reading, PA). measurements at higher mantATP concentrations. The slope
The time course of ATP hydrolysis was fit to the biphasic provides the second-order rate constant for mantATP binding,
burst equation ki1 at 2.3uM~1 571, and no significany-intercept is present.
Becauseyns = ki[mantATP]+ k-; (eq 2), the data indicate
product= A[1 — exp(—kt)] + Kt (1) that there is not an apprecialite;. These data suggest that

mantATP binds to the MMC1 complex (Scheme 1) such
where A is the amplitude of the burst representing the that there is not significant partitioning of the NEFATP
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Scheme 1: MIN ATPase Mechanism of the first turnover. Therefore, the maximum rate constant
Ky Ko Ko of the burst phase obtained from the fit of the data to a
Mol 5 AT NoATP e MoNoADPP  MeNoADP o MeN + ADP hyperbola provides the rate constant for ATP hydrolyisis,
. e = 23 st and theKgarp at 16.4uM (Scheme 1). Although
Keui= 2" 135 l[ J[ 07 pMs! the microtubule concentration used in the acid quench
K, atp =23 pM . . . . . . .
Kz = 20 UM NeADPsP == NsADP + P experiments is high at 20M tubulin, this concentration is
not saturating for steady-state turnover. Experiments at

varying microtubule concentrations show ttat does not

Table 1: MantATP Binding Kinetic Constants change appreciably as a function of microtubule concentra-
substrate Kiy Ki(sh  Ka(uM) tion in the range 1230uxM tubulin (data not shown). These
2mant-3dATP 1.0+ 0.03uM1s 1 61+ 15 61 resul_ts indicate tha_t, fc_Jr the first turnover pf _ATP, yvhat is
Imant-2dATP 2.7+ 0.3uM st 228487 85 required for full activation of ATP hydrolysis is a microtu-
mantATP 2.3:0.12mMtst? bule concentration that is sufficiently high to ensure MC1

aKinetic constants of mantATP binding to the Mtcomplex where 1S bound to the microtubule. Experiments at microtubule
ki1 is the second-order rate constant for mantATP bindingis the concentrations o0& 35 uM tubulin were attempted but were
gfg;?jﬁﬁéﬁrsﬂ&aer:teg&ofﬁgﬁus {S;fg)e rg;jsggﬁé?npzor;S;athOLgaHntéTnPM inaccurate due to the inability to achieve thorough mixing

: ' - ' of the viscous MMMC1 solution within a few milliseconds.

“,{'??f’gﬁj;‘ihgés";“gé%g* 0-1 mMEGTA, 50 mM KAcetate, 1 mM Figure 2C shows the_ burst amplitudes obta_ined fromeq 1
and plotted as a function of ATP concentration. Note that
) ) the maximum burst amplitude determined at 300 ATP
intermediate petween the forward and reverse steps asg 4.5uM, suggesting approach to a full burst amplitude of
observed for kinesin7). A mantATP concentration depen- 5 M. The fact that the burst amplitude saturates at the
dence was not evident for the second phase of the fluores-gn,yme concentration is indicative of relatively tight ATP

cence transient (Figure 1A), and the rate constants were toooinding which is consistent with the low_, observed in
slow (0.25-0.45 s?) to be attributed to ATP hydrolysis. the mantATP-binding experiment.

The mantATP-binding experiments were also performed | addition to the acid quench experiments at\d MC1
with 2mant-3dATP and 3mant-2dATP (Table 1). The  + 20,M tubulin, experiments were also performed at\d
results show that the kinetics of mantATP binding were \c1 + 12 uM tubulin, 10uM MC1 + 30 M tubulin, and
similar for the 2mant-3dATP derivative and the mantATP 1 ;M MC1 + 20 uM tubulin with ATP concentrations
mixture. However, the ‘Bhant-2dATP isomer exhibited @  yarying from 25 to 60QuM. There was no evidence of a
slightly higher second-order rate constant for binding at 2.7 super-stoichiometric burst of ADP, formation at any of
uM~ts™t and a significank-; at 23 s*. Additionally, the  these experimental conditions. These data indicate that Ncd
binding kinetics with the Bnant-2dATP isomer were s not a processive ATPase, consistent with the motility
biphasic with an exponential increase in fluorescence fol- results which document dimeric Ncd's lack of processive
lowed by a slight decrease in fluorescence (data not shown)movement 9, 10).
as observed previously for dimeric kinesin and monomeric  ATP-Promoted Dissociation of MC1 from the Microtubule
Ncd (18, 20, 28). The 3mant-2dATP isomer, because of e next measured the rate of MC1 dissociation from the
the higherk-,, was not used in subsequent stopped-flow mjcrotubule using the stopped-flow instrument to monitor
experiments. The rate and equmbr!um constants for the threechanges in turbidity (Figure 3). The preformed -Mt
mantATP analogues are summarized in Table 1. complex (2.5¢M MC1, 2.3uM tubulin) was rapidly mixed

Time Course of ATP HydrolysiAcid quench experiments  with varying concentrations of MgATP (7-5750 uM).
were performed as a function ak*2P]MgATP concentra-  Figure 3B shows the rate constants obtained from each initial
tion to determine the rate constant of ATP hydrolysis. The exponential phase plotted as a function of MgATP concen-
preformed MiN complex (5«M MC1, 20uM tubulin) was  tration. Fitting the data to a hyperbola provides khe at
rapidly mixed with p-**P]JATP. Figure 2A shows the time 13 s with the Ky, ae at 194M. Our interpretation of the
course of ATP hydrolysis by MC1 at four different ATP  pathway for dissociation is that ATP binding and ATP
concentrations. The initial burst of product formation during hydrolysis occur first, followed by detachment of the motor
the first ATP turnover represents the formation of the N from the microtubule. This interpretation is based on several
ADP-P: intermediate. This exponential burst phase is then |ines of evidence. First, the dissociation step at 13is
followed by a slower rate of ADP production corresponding slower than ATP hydrolysis at 23% but the difference in
to steady-state turnover. The presence of a pre-steady-statéhese rate constants is not large enough to order these steps
burst indicates that the rate-limiting step in the ATPase to define the pathway. However, Foster et 8R)(reported
mechanism occurs after ATP hydrolysis. The data were fit that the only nucleotide intermediate weakly bound to
to the burst equation (eq 1) which revealed an increase inmicrotubules was the MDP-P; intermediate and that the
the burst rate and amplitude with increasing ATP concentra- nonhydrolyzable analogue AMP-PNP did not promote Ncd
tion. The rate constants of the linear phase obtained fromdissociation from the microtubule. These data are all
this fit are consistent with the predicted steady-state rate consistent with the interpretation that ATP hydrolysis occurs
constants at the enzyme, microtubule, and ATP concentra-first, followed by detachment of the-HDP-P, intermediate
tions used in the experiment. from the microtubule (Scheme 1). Furthermore, Figure 3A

In Figure 2B, the burst rate obtained from the exponential shows a small lag in the kinetics prior to the decrease in
phase is plotted as a function of ATP concentration. At high turbidity which we attribute to the time required for ATP
ATP concentrations, ATP binding no longer limits the rate binding and hydrolysis prior to dissociation. TKgz ate for
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Ficure 3: ATP promoted dissociation of the NN complex. The
preformed MtN complex (2.3uM tubulin, 2.5uM MC1) was
rapidly mixed with varying concentrations of MgATP (%350
uM) in the stopped-flow instrument. (A) A representative stopped-
flow record consisting of six averaged traces showing the time
course after mixing the M complex with 375uM MgATP. The
smooth line shows the fit of the data to a single-exponential plus
a linear term. The fast exponential phase provikigs= 11.6 +

0.1 s'L. (B) The rate constant of the exponential phase for each
transient was plotted as a function of MgGATP concentration. The
data were fit to a hyperbola which provides the maximum rate
constantkyps = 13.14+ 0.6 st andKyparp = 18.7+ 4.1 uM.

the dissociation step at 28M corresponds to th&gy ate for

the hydrolysis step at 16V, suggesting that no partitioning
of the MtN-ATP intermediate occurs. These results indicate
that the steps of ATP binding, ATP hydrolysis, and dis-
sociation of NADP-P; from the microtubule occur directly
without significant reversals at step 2 (ATP hydrolysis) or
step 3 (Ncd dissociation).

Foster and Gilbert

0.19 T T T ~ —

0.18

017

Turbidity

0.15

.

0 02 04 06 08 1
Time (sec)

0.14 12 14

B

(sec'1)

kObS

1

2 4 6 8 10

Microtubules (uM tubulin)
Ficure 4: Binding of MC1 to microtubules. MC1 (4M) was
rapidly mixed with varying concentrations of microtubules-8
uM) in the stopped-flow instrument. All concentrations are final
after mixing. (A) A representative stopped-flow record atl
microtubules consisting of six averaged traces. The smooth line
shows the fit of the data to a single-exponential plus a linear term:
kobs = 9.0 & 0.1 s of the initial exponential phase. (B) The rate
constant obtained from the initial fast phase of each transient plotted
as a function of microtubule concentration. The data were fit to a
straight line, and the slope provides the = 0.7+ 0.1uM "t s?1
and they-intercept, thek_s = 2.7+ 0.6 s,

dissociation constant is defined By = kq/kon. On the basis

of the microtubule-binding results reported in Figure 4, the
apparenKy is 3.9uM. This equilibrium constant is signifi-
cantly lower than theKy,w: obtained from steady-state
experiments wher&,,mi = 20 uM, yet is significantly
higher than thé&y v at 0.22uM determined by equilibrium
measurements in the absence of added ATP, ADP, or AMP-
PNP @2). In addition, the microtubule association constant

We also performed the dissociation kinetic experiments at 0.7 uM~* s™* is significantly higher than the apparent

with an additional 100 mM KCI added to the ATP syringe.

second-order rate constant at @-* s™* for microtubule

In the case of kinesin, the added salt was required to weakeractivation of steady-state turnover obtained from the initial
rebinding of the motor to the microtubule after detachment slope of the microtubule concentration dependence of the
in order that the dissociation kinetics could be measuigd (  ATPase rate Ka/Kiomur = 2 s%20 uM). This apparent

For MC1, there was no difference in rate of the exponential discrepancy suggests that these experiments are measuring
phase or the amplitude of the exponential phase measuredlifferent behaviors of the motor dependent upon the condi-
in the presence (150 mM final) or absence (50 mM final) of tions. In the case of steady-state turnover of a nonprocessive
the added salt. These results are consistent with the inter-motor, microtubule binding would be expected to be weaker
pretation that ATP promotes complete detachment of the Ncdbecause the motor releases after each cycle of ATP turnover

dimer from the microtubule and Ncd is not a highly
processive motor.

Binding of MC1 to MicrotubulesBecause monomeric and
dimeric Ncd motors are purified with ADP bound at the
active site, it has been assumed that thRADP intermediate

and must rebind the microtubule. In the case of the stopped-
flow turbidity measurement, we are measuring directly the
single step in the absence of added ATP, ADP, or AMP-
PNP. In the equilibrium-binding experiments, the reaction
is allowed to come to equilibrium; therefore, initial rapid

rebinds the microtubule. We measured the rate of formation steps of binding and release are not observauly the final

of the MtN complex using the stopped-flow instrument to
monitor changes in turbidity (Figure 4). MC1 agd was
rapidly mixed with varying concentrations of microtubules
(3—9 uM). The rate of binding increased linearly with
microtubule concentration as shown in Figure 4B. Fitting

state at equilibrium.

MantADP Release from MCTo complete our analysis
of the ATPase mechanism for Ncd, we measured the rate of
mantADP release from MCL1 as a function of microtubule
concentration using the stopped-flow instrument (Figure 5).

the data to a straight line yields the second-order rate constanMC1 was incubated with mantADP in a 1:2 ratio in order

for microtubule associatiork4, at 0.7uM~* s1, and the
y-intercept provides an off ratek 4, at 2.7 s'. The

to replace the ADP bound at both heads of MC1 with
mantADP. The NmantADP complex (ZM MC1 and 4uM
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6.8 ADP release. Ncd is purified with ADP bound to the active
site, and gel filtration experiments have been unsuccessful
in detecting Pat the active site (26). These results imply
that R is released more quickly than ADP. Furthermore,
equilibrium binding experiments (22) revealed that the MC1
ADP complex has a very low affinity for ;P further

suggesting that;Release is faster than ADP release. Thus,

6.6 F
6.4
6.2

Fluorescence

6

> all of the information to date is consistent with a model in
ey T s 2 25 3 which ADP release is the rate-limiting step in the ATPase
3 _ Tmefsed) mechanism.
25| B . °F DISCUSSION
o 2r . 1 The results reported here and previoug®)(establish a
& 151 ° minimal kinetic mechanism for the Miicd ATPase (Scheme
;3 it A ] 1). To begin the cycle, ATP binds to the Mk complex in
a rapid step that leads to ATP hydrolysis at 23. ATP
05 ¢ ] hydrolysis is followed by detachment of Ncd from the
0 . : * — microtubule which also occurs relatively quickly at 13.s
0 10 20 30 40 50

This sequence of steps is also supported by equilibrium
binding data which show that MC1 is detached from the
microtubule only in the presence of ABI® (22). Phosphate
release is assumed to occur more rapidly than ADP release

Microtubules (uM tubulin)

FiGurRe 5: MantADP release from the Mii-MantADP complex.
The MCXImantADP complex (&M MC1, 4 uM mantADP) was

preformed such that MC1 contained mantADP bound to both heads. . - .
This complex was rapidly mixed in the stopped-flow instrument because Ncd is purified with ADP bound and because the

with varying concentrations of microtubules+26.5:M tubulin) equilibrium-binding experiments indicated a very wegk
plus 0.5 mM MgATP. (A) A representative stopped-flow record for inorganic phosphate. Rebinding at g1~ st is then

(5 averaged traces) at 14 microtubules. The smooth line shows  followed by slow ADP release at 3.7

the fit of the data to an exponential function plus a linear term. Rate-Limiting Step The burst in the pre-steady-state

The rate constant of the initial exponential phaggs = 1.80 + . . L
0.01 s, (B) The rate constant obtained from the exponential phase chemical quench data (Figure 2) indicates that some step

plotted as a function of microtubule concentration. In the absence after ATP hydrolysis is rate limiting. The rate of ADP release
of microtubules, the rate constant for mantADP release is 004  (Figure 5) is the slowest step that we measured, leading us
0.000 01. Fit of the data to a hyperbola yieldk@ = 3.7+ 0.2 o conclude that it is the rate-limiting step in the Ncd ATPase
rsmcs';'tt&bﬂggmax'mal stimulation occurring at 16:& 3.4 M cycle. This conclusion is consistent with reports which

' examined the steady-state kinetic parameters of other Ncd
mantADP) was rapidly mixed with varying concentrations constructs. Moore et al29) and Lockhart et al.30) reported
of microtubules (246.5uM) plus 0.5 mM MgATP. The a slow rate of ADP release for the dimeric MC5 GST-fusion
MgATP blocks rebinding of mantADP to the active site once protein while Shimizu et al.26) as well as Pechatnikova
it is released. Figure 5A shows the time dependence of theand Taylor 20) reported rate-limiting ADP release at 3.3
fluorescence change, fit to a single-exponential function and s™* for a monomeric Ncd construct. More recently, Pechat-
linear term. Figure 5B shows that the exponential rate nikova and Taylor Z1) reported ADP release as the main
constant associated with the fluorescence change increasedate-limiting step for their MC1 construct which is expressed
with increasing microtubule concentrations. Fitting the data as a GST-fusion protein. Because of the difference in the
to a hyperbola yields a maximum rate constant for mantADP rate constant of ADP release which we measured at3.7 s

release at 3.773. The concentration of microtubules that
provided half the maximal rate is 16/ tubulin, and this
constant is very similar to the steady-st&tg v at 20uM.

and the steady-statk. for MC1 at 2 s, we pursued
additional experiments to evaluate possible hypotheses. Two
explanations would account for the fact that the slowest step

These results suggest that both assays are measuring the sarethe pathway is faster than steady-state turnover. First, it

rate-limiting step.

Our experiments have shown that the steady-#atef
ATP turnover is 2 st for dimeric MC1 @2). The rate of
mantADP release observed here at 3¥isthe slowest step

is possible that the number of active sites was overestimated
in these experiments, leading us to underestimate the steady-
statek.,. Because thé\,sg which measures ADP bound at
the active site and the Bio-Rad Assay which measures

we have observed in the ATPase cycle and is sufficiently protein concentration are in close agreement, we believe that
slow to limit steady-state turnover for the Ncd ATPase cycle the protein concentration is a true reflection of the active-
(Scheme 1). However, the results presented do not show thasite concentration within experimental error. It is also
mantADP release is equivalent to ADP release although all possible that cooperative interactions between the heads,
data to date suggest that mant nucleotides are good reprewhich have been shown to exist for N&Pj, could account
sentatives for ATP and ADP. The hypothesis that ADP for the discrepancy between the steady-stat@nd the rate
release is rate limiting is also consistent with the pre-steady- constant for ADP releas& ). According to this hypothesis,
state burst which was observed in the ATP hydrolysis the observed rate of ADP release in the stopped-flow
experiments. This burst of product formation indicates that experiments (Figure 5) is a combination of two different
some step after ATP hydrolysis is rate limiting. While we rates, one slower than 3.7'sand one faster than 3.7%
have not determined the rate of inorganic phosphate releasewith the two rates corresponding to mantADP release from
we believe that it is unlikely that this step is slower than each motor domain of the dimer. Experiments which
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measured mantADP release from each motor domain inde-flow (12, 18). The observed decrease in either light scattering
pendently revealed that ADP release from one motor domainor turbidity was measured, and the rate constant was
occurred rapidly with mantADP release from the partner determined for the exponential decrease as a function of ATP
motor domain at 1.4 $ (to be presented elsewhere), concentration. The same experiment by both Gilbert and
suggesting that steady state turnover was limited by ADP Johnson 12) and Ma and TaylorX8) yielded a maximum
release. Similar experiments were performed and recentlyrate constant of this ATP-dependent process at1?s .
reported by Pechatnikova and Taylo2l). They also This step is rate-limiting for kinesin steady-state turnover
concluded that ADP release limits steady-state turnover. because all other steps measured are fast relative-+44.2
Nonprocessie ATP HydrolysisThe burst rate inthe ATP s~ Furthermore, both groups have identified this point in
hydrolysis experiments approaches 23 &igure 2). The the cycle as responsible for the force generating conforma-
burst amplitude was greater tham® at 100uM ATP and tional changes required for movement. However, Taylor
saturated at-5 uM which is equal to the enzyme concentra- attributes this rate constant to conformational changes leading
tion. A processive motor would be expected to hydrolyze to B and ADP product releasel§, 19) whereas Gilbert,
multiple ATP molecules before reaching a steady-state level Moyer, and Johnson propose rate-limiting detachment of the
of dissociation, resulting in a super-stoichiometric burst. Ncd, kinesin head from the microtubule followed by rapid P
however, does not display a super-stoichiometric burst at anyrelease 17, 28). Both hypotheses account for the data, and
of the ATP, microtubule, or MC1 concentrations that we to date no direct experiments distinguishing the two hypoth-
examined, supporting the conclusion that Ncd is not a eses have been published.
processive ATPase. This interpretation is consistent with data Rebinding for both kinesin and Ncd occurs as the motor
obtained from motility assays which do not show processive ADP intermediate, but the second-order rate constant for
movement of Ncd molecule9,(10). Furthermore, DeCastro  kinesin is significantly higherx 10-fold) than rebinding for
et al. (L0) reported that-4 Ncd dimeric motors are necessary Ncd, suggesting that Ncd spends more of its ATPase cycle
for microtubule movement. Motility assays, however, cannot detached from the microtubule than kinesin. It has been
rule out the possibility of very low processive movement proposed that one reason for kinesin’s high processivity is
because they can only detect movement-o6Steps or more  the fact that it spends very little of its cycle detached from
(=40 nm). The data presented here, however, suggest thathe microtubule 11, 31). Thus, the kinetic results reported
Ncd is not even slightly processive. An alternative interpreta- for dimeric Ncd support the mechanistic interpretation that
tion of these experiments is that Ncd is in fact processive, Ncd spends a considerable amount of its duty cycle detached
but we do not see a super-stoichiometric burst due to a fastfrom the microtubule and is therefore not a processive

ATP off rate. However, the mantATP binding experiments
reveal that thé_; is negligible, suggesting that the stoichio-
metric burst is truly reflecting a lack of processivity. As stated

molecular motor.
The rate-limiting step in the case of dimeric Ncd is ADP
release. For kinesin, Ma and Tayldr§ 19) reported ADP

above, there are data to indicate that cooperative interactiongelease for the first head at 50'swith ADP release from

between the motor domains of Ncd occur although we now
know that this cooperativity does not lead to processive ATP
turnover or processive movement.

Comparison to KinesinwWhile Ncd bears a high structural
similarity to kinesin in the core motor domain, recent crystal
structures for dimeric kinesin and dimeric Ncd reveal a
dramatic difference in the overall symmetry of the dimeric
motors (5, 16). In addition, the direction of movement, the
motility behavior, and the cellular function of each motor

the second motor domain at 100 én the presence of ATP.

In contrast, Gilbert, Moyer, and Johnsdtv(28) reported a
fast rate of ADP release for both motor domains in the
presence of ATP at200 s'. The data reported here for
Ncd as well as the results reported for kinesin suggest that
there are distinct differences in the rate-limiting step for each
motor that lead to mechanistic differences in force generation
and possibly the reversed directionality of these motors.
Studies to elucidate mechanistic contributions to directional

differs, suggesting that there must be mechanistic differencesbias for Ncd will be reported elsewhere.
between these microtubule-based motors. Therefore, it is Comparison to Myosin Il and Dyneiin several aspects

worthwhile to examine the mechanistic differences and
similarities between kinesin and Ncd. They both bind ATP
relatively rapidly (8, 27, 28). However, dimeric Ncd appears
to bind ATP more tightly with no evidence of a significant

of its cycle, Ncd more closely resembles axonemal dynein
and skeletal muscle myosin than it does to kinesin despite
its high structural similarity to kinesin. The lack of proces-
sivity observed for Ncd is similar to that seen for myosin Il,

k-1 based on the mantATP binding data or the acid quenchwhich also requires several motors to produce effective

results for ATP hydrolysis (Figures 1 and 2B). In contrast,
dimeric kinesin binds ATP much more weakly wikh; =
120 st (27, 28). Yet, both enzymes hydrolyze ATP rapidly
relative to their steady-state turnover, and ATP hydrolysis
occurs while the motor is bound to the microtubule. After
ATP hydrolysis, crossbridge detachment from the microtu-
bule occurs for both Ncd and kinesifi 18, 27).

For dimeric Ncd, dissociation occurs at 13 svhich is
fast relative to the other steps in the cycle (Scheme 1).
However, the experimental results for kinesin are more
difficult to interpret. To measure the dissociation kinetics
for either Ncd or kinesin, a Mimotor complex was pre-
formed and then rapidly mixed with ATP in the stopped-

movement 82—34). Additionally, axonemal dynein and
skeletal muscle myosin both show rate-limiting conforma-
tional changes linked to product release similar to N2%J (
35—40). Ncd does, however, share some characteristics with
kinesin that differ from those of dynein and myosin Il. For
both kinesin and Ncd, ATP binding and ATP hydrolysis
occur on the microtubule prior to detachment. Additionally,
skeletal muscle myosir86) and axonemal dyneir() both
show extremely rapid release from their filament upon ATP
binding (>1000 s) while both Ncd and kinesin show slower
dissociation (1214 s1). Thus, Ncd appears to incorporate
mechanistic aspects of myosin I, axonemal dynein, as well
as kinesin into its pathway for ATP hydrolysis.
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Kinetic and thermodynamic approaches allow investigation
of specific questions about energy transduction for the actin
motors, the microtubule motors, the RNA and DNA poly-
merases, and the DNA helicases. Information obtained from
these studies allows us to determine which specific mecha-
nistic features are general characteristics of molecular motors
and which features must correlate with the specific behavior
of a motor and its function in vivo. The results presented
here provide new information about the interactions of
dimeric Ncd with the microtubule. These studies have
provided direct evidence that ADP product release is the
slowest step in the pathway and that Ncd is not processive
for ATP hydrolysis. Future experiments will examine
cooperative interactions at the individual steps in the pathway
to determine mechanistic contributions to directional bias and
spindle dynamics in vivo.
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