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ABSTRACT: The pre-steady-state kinetics of the microtubulekinesin ATPase were investigated by chemical- 
quench flow methods using the Drosophila kinesin motor domain (K401) expressed in Escherichia coli 
[Gilbert, S .  P., & Johnson, K. A. (1993) Biochemistry 32, 4677-46841. The results define a minimal 

mechanism: M-K + ATP + (M).K.ATP * (M)*K.ADP.Pi + M.K.ADP + Pi * MvK + ADP, where M, 
K, and Pi represent microtubules, kinesin, and inorganic phosphate, respectively, with k+l = 0.8-3 pM-' 
s-l, = 100-300 s-I, k+z = 70-120 s-I, k+4 = 10-20 s-I, and k+3 >> k-2 and k+3 >> k+4. Conditions were 
as follows: 25 OC, 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 DTT. The experiments presented do not determine the step 
in the cycle where kinesin dissociates from the microtubule or the step a t  which kinesin reassociates with 
the microtubule; therefore, the steps that may represent kinesin as the free enzyme are indicated by (M). 
A burst of ADP product formation was observed during the first turnover of the enzyme in the acid-quench 
experiments that define the ATP hydrolysis transient. The observation of the burst demonstrates that 
product release is rate limiting even in the presence of saturating microtubule concentrations. The pulse- 
chase experiments define the time course of ATP binding to the microtubule~K401 complex. At low ATP 
concentrations, ATP binding limits the rate of the burst. However, a t  high concentrations of ATP, ATP 
binding is faster than the rate of ATP hydrolysis with k+2 = 70-120 s-l. The amplitude of the burst of 
the ATP binding transient reached a maximum of 0.7 per site a t  saturating concentrations of ATP and 
microtubules. The amplitude of less than 1 is attributed to the fast k,ff for ATP (k-I = 100-300 s-l) that 
leads to a partitioning of the MsK-ATP complex between ATP hydrolysis (k+2) and ATP release (k - l ) ,  
These results indicate that ATP binds weakly to the M.K complex (qFTP y 100 pM). ADP release (k+4 
= 10-20 s-1) is rate limiting during steady-state turnover, indicating that microtubules activate the kinesin 
ATPase by increasing koff,ADP from 0.01 s-l in the absence of microtubules to 10-20 s-l a t  saturating 
microtubule concentrations. 

1 2 3 4 

Kinesin couples the energy of ATP hydrolysis to mechanical 
work to drive intracellular organelle movements along mi- 
crotubules [reviewed by Vale (1987), Warner and McIntosh 
(1989), and Goldstein (1991)]. Since kinesin's discovery in 
1985 (Vale et al., 1985; Brady et al., 1985; Scholey et al., 
1985), researchers have been intrigued by its motility char- 
acteristics and have attempted to understand the motility in 
the context of mechanistic information for the microtubule. 
axonemal dynein and actomyosin ATPases which have been 
studied extensively [reviewed by Johnson (1985), Eisenberg 
and Hill (1985), Hibberd and Trentham (1986), Goldman 
(1987),Geeves (1992),Taylor (1992), andHackney (1992)l. 
However, the mechanistic experiments for the dynein and 
myosin ATPases used preparations from sources of protein 
involved in filament systems (axonemal dynein for ciliary 
beating; skeletal myosin and smooth muscle myosin for muscle 
contraction). In contrast, kinesin is a cytoplasmic motor which 
interacts with microtubules singly or as a small number of 
motors rather than as a part of a macromolecular assembly. 
Moreover, new molecular motors (kinesins, myosins, and 
dyneins) are still being discovered (Endow & Titus, 1992; 
Goodson & Spudich, 1993; Skoufias & Scholey; 1993). 
Because these motors show a number of structural and 
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functional properties in common, it is now possible to determine 
if there is a common kinetic pathway for all contractile systems 
or if there are unique mechanisms for the different motors. 
As we study these newly discovered motors in detail, the results 
should provide information to understand the common 
mechanistic features that are required to couple nucleotide 
hydrolysis to force production to begin to define the variations 
that result in the functional and motility differences observed. 

Kinesin is the first of the cytoplasmic motors to be inves- 
tigated using pre-steady-state kinetic techniques (Hackney, 
1988; Hackney et al., 1989; Sadhu & Taylor, 1992). The 
initial kinesin mechanistic experiments have focused on the 
native bovine brain kinesin preparation studied in the absence 
of microtubules. Hackney et al. (1988, 1989) demonstrated 
that ADP is tightly bound such that kinesin when purified 
contains a stoichiometric amount of ADP bound at the active 
site. Furthermore, it is ADP release rather than phosphate 
release that is rate limiting during steady-state turnover, and 
the rate of ADP release is increased by the addition of 
microtubules. The nucleotide-free kinesin also exhibits a burst 
of product formation. This result indicates that ATP binding 
and hydrolysis occur at fast rates to produce ADP and Pi at 
the active site, and slow product release limits the steady- 
state rate in the absence of microtubules (Hackney et al., 
1989; Sadhu & Taylor, 1992). These results established the 
basic characteristics of the kinesin mechanism which is similar 
to both myosin and dynein. For both myosin and dynein as 
free enzymes in solution, a burst of product formation was 
observed which indicates that the rates of ATP binding and 
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hydrolysis are faster than the steady state rate of product 
release (Lymn & Taylor, 1970, 1971; Johnson, 1983). 
Furthermore, for both myosin and dynein, Pi release occurs 
prior to ADP release from the active site (Trentham et al., 
1972; Holzbaur & Johnson, 1989a). For actomyosin, F-actin 
increases the rate of both Pi and ADP release (Lynn & Taylor, 
1971). In contrast, microtubules activate the rate of ADP 
release from dynein which is rate limiting during steady-state 
turnover, but microtubules do not alter the rate of phosphate 
release (Holzbaur & Johnson, 1989a,b). Microtubules rebind 
to the dynein-ADP intermediate. In the case of myosin, it is 
the myosin-ADP-Pi species that rebinds to F-actin (Sleep & 
Boyer, 1978;Sleep & Hutton, 1980; Hackney & Clark, 1984). 
Kinesin is unique in its very tight binding of ADP to the active 
site. The observation that kinesin is purified with ADP bound 
indicates that K-ADP is an important intermediate in the 
pathway and suggests that K-ADP is the predominant species 
that rebinds to the microtubules. 

Sadhu and Taylor’s experiments (1992) at higher protein 
concentrations extended the initial pre-steady-state results of 
the kinesin pathway in the absence of microtubules. The rates 
of the nucleotide-binding steps were determined by fluores- 
cence changes that occur upon the binding of the nucleotide 
analogs, mant-ATP and mant-ADP.’ The results demon- 
strated that the binding of both mant-ATP and mant-ADP 
occurs by the formation of an initial collision complex that is 
in rapid equilibrium with the free nucleotide followed by a 
conformational change in the protein. Substrate binding for 
both myosin and actomyosin also occurs by a rapid equilibrium 
followed by a change in conformation. For actomyosin, the 
change in conformation was correlated with the dissociation 
of the myosin-ATP complex from F-actin (Lymn & Taylor, 
197 1). Although theexperiments usingmant-ATP and mant- 
ADP were not done for axonemal dynein, a similar sequence 
of steps for nucleotide binding could be expected. 

The initial mechanistic studies with native kinesin have 
been critical in defining the basic characteristics of kinesin as 
an ATPase and the determination of a minimal mechanism 
of the free enzyme in the absence of microtubules. However, 
the pre-steady-state kinetic analysis has been limited by the 
native bovine kinesin preparation. The bovine brain kinesin 
preparations are heterogeneous in light chain content (Hackney 
et al., 1989; Sadhu & Taylor, 1992) and possibly in kinesin- 
like isoforms (Stewart et al., 1991; Aizawa et al., 1992; Gho 
et al., 1992). Furthermore, the presence of a subpopulation 
of kinesin molecules that are in the folded 9 S conformation 
may contribute to the biphasic kinetics and low steady-state 
turnover rate observed in the presence of microtubules 
(Hackneyet al., 1991,1992). Lastly, many oftheexperiments 
needed to define the mechanism accurately cannot be done 
because of the low amounts of kinesin protein purified from 
bovine brain. 

For our mechanistic and structural studies on the kinesin 
ATPase, we have focused our efforts to develop a bacterially 
expressed preparation of active kinesin motor domains (Gilbert 
& Johnson, 1993). The truncated protein (designated K401) 
contains the N-terminal 401 amino acids of the Drosophila 
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melanogaster kinesin heavy chain and is purified from 
Escherichia coli as an over-expressed protein. K401 is a 
homogeneous preparation purified in milligram amounts. The 
preliminary kinetic characterization indicates that K401 is 
fully active and demonstrates the kinetic properties expected 
of a native kinesin. K401 has very low ATPase activity in the 
absence of microtubules (kwt = 0.01 s-l) which is stimulated - 1000-fold at saturating concentrations of microtubules and 
MgATP (k,,, = 10 s-l; KO.S,MT = 0.9 pM tubulin; &-,,ATP = 
31 pM). Like native kinesin, K401 when purified contains 
ADP tightly bound at its active site, and the release of ADP 
from the active site occurs at a rate equal to steady-state 
turnover (kcat N 0.01 s-l). Active-site titrations indicate that 
there is one ATPase site per K401 molecule and that K401 
binds to microtubules with an axial periodicity of 8 mm, i.e., 
a stoichiometry of one kinesin motor domain per tubulin dimer 
(Harrison et al., 1993). 

In the experiments presented here, we examine the pre- 
steady-state kinetics of the microtubulekinesin ATPase 
pathway using the MTsK401 complex and chemical quench 
flow techniques to measure the steps of ATP binding, ATP 
hydrolysis, and ADP release during the firsr turnover of the 
enzyme. 

EXPERIMENTAL PROCEDURES 

Materials. [ cx -~~PIATP (>3000 Ci/mmol) was purchased 
from ICN Biomedicals and PEI cellulose F TLC plates (EM 
Separations of E. Merck, 20 X 20 cm, plastic backed) from 
Curtin Matheson Scientific, Inc. Taxol was the generous gift 
of the Drug Synthesis and Chemistry Branch, Division of 
Cancer Treatment, National Cancer Institute. 

Media and Suffers. The following buffers were used for 
the experiments described: 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 DTT); PM 
buffer (100 mM PIPES, pH 6.7 with KOH, 5 mM magnesium 
acetate, 1 mM EGTA). 

Protein Purification. Procedures for the expression and 
purification of the Drosophila kinesin motor domain, K401, 
have been described previously (Gilbert & Johnson, 1993). 
The protein concentration of K401 was determined spectro- 
photometrically using the extinction coefficient 29340 M-l 
cm-’ for K401 containing 1 ADP bound per K401. K401 
represents 91% of the absorbance at 280 nm (Gilbert & 
Johnson, 1993). Each preparation of K40 1 was evaluated by 
active-site titration as well as steady-state ATPase assays to 
determine the kcat in the absence of microtubules and the kat 
at saturating concentrations of microtubules and MgATP 
(Gilbert & Johnson, 1993). For the experiments reported, 
seven preparations of K401 were used. The active-site titration 
(based upon stoichiometry of binding of [cx-~~PIADP in a 
nitrocellulose binding assay) for each K401 preparation 
indicated that the concentration of active sites was equal to 
the K401 concentration based on protein determinations. There 
was some variability between K40 1 preparations in the steady- 
state kat at saturating concentrations of microtubules and 
MgATP as well as some variability in the elementary rate 
constants. All experiments reported were performed with at 
least three different K401 preparations, and the errors in the 
rates reported include the variability seen in different prep- 
arations. 

Bovine brain microtubules were prepared by two cycles of 
temperature-dependent polymerization and depolymerization 
(Shelanski et al., 1973; Sloboda et al., 1976), and tubulin was 
separated from microtubule-associated proteins by the method 

1 The abbreviations used are as follows: DTT, dithiothreitol; EGTA, 
ethylene glycol bis(2-aminoethyl ether)-N,N,N’,N’-tetraacetic acid; 
HEPES, 4-(2-hydroxyethyl)- 1 -piperazineethanesulfonic acid; mant- ADP, 
2’(3’)-O-(N-methylanthraniloyl)-ADP; mant-ATP, 2’(3’)-O(N-meth- 
ylanthraniloy1)-ATP MTedynein, microtubule-dynein; MTaK40 1, mi- 
crotubule.K401; PEI, poly(ethy1enimine); PIPES, piperazine-N,N’- 
bis(ethanesu1fonic acid); SDS-PAGE, sodium dodecyl sulfatepoly- 
acrylamide gel electrophoresis; TLC, thin-layer chromatography. 
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Scheme 1 
k+ I k+2 k 4  

WK + ATP (M)*K*ATP (M).K*ADP*P, 
k-i k-t k-a 

k+4 

k-4 
M.K*ADP + Pi i M.K + ADP 

MgATP. This pulse-chase experiment measures the time 
course of the formation of a kinetically stable kinesin-ATP 
complex preceding ATP hydrolysis. This method however 
detects only the fraction of enzymesubstrate complex that 
proceeds in the forward direction and defined by the ratio 

k+z/(k+z + k-1) 

of Borisy et al .  (1974) as modified by Omoto and Johnson 
(1986). On the morning of each experiment, an aliquot of 
tubulin was thawed, diluted with PM buffer to 10-15 mg/mL 
of protein, adjusted to 1 mM MgGTP, and cold depolymerized 
for 30 min on ice. The tubulin was then centrifuged 
(microfuge, 14 000 rpm, 15 min, 4 "C) to sediment aggregates 
of tubulin. The supernatant with soluble tubulin was adjusted 
to 20 pM taxol followed by incubation at 34 "C for 20 min 
to polymerize the microtubules. The microtubule preparation 
was diluted in PM buffer plus 20 pM taxol to dilute the GTP 
concentration to 0.1 mM and stabilize the microtubules. The 
preparation was incubated for an additional 20 min at 34 "C 
followed by centrifugation (Sorvall SS34 rotor, 18 000 rpm, 
20 min, 4 "C). The microtubule pellet was resuspended in 
ATPase buffer plus 20 pM taxol, and the protein concentration 
was determined by the Schacterle and Pollack (1973) 
modification of Lowry et al. (1951). 

For the ATPase assays, the MTsK401 complex in ATPase 
buffer plus 20 pM taxol was incubated for 10 min. The 
experiments described below (see Figures 1 and 2) verified 
that ADP was displaced from the active site of K401 in the 
presence of excess microtubules. 

Rapid Quench Experiments. The ATPase assays were 
performed at 25 "C in ATPase buffer using a chemical quench 
flow instrument designed by Johnson (1986) and built by 
KinTek Instruments (University Park, PA). For each time 
point, the preformed MTaK401 complex was loaded into one 
loop (1 5 pL), and the substrate [ c Y - ~ ~ P I A T P  in ATPase buffer 
was loaded into the second loop (1 5 pL) of tubing. A computer- 
controlled stepper motor drives the syringes which forces the 
two reactants together and through the delay line. In the 
delay line the reaction mixture is incubated for the designated 
time of the reaction which varied from 3 ms to 4 s. The 
reaction mixture was quenched with 80 pL of 2 N HCl and 
expelled from the instrument. Chloroform (1 00 pL) was added 
immediately to the reaction mixture to denature the protein, 
followed by neutralization by the addition of 21 pL of 2 M 
Tris-3 M NaOH. These acid-quench experiments determined 
the time course of ATP hydrolysis (the formation of acid- 
labile products ADP and Pi); therefore, the product formed 
for each time point represents the sum of K-[CY-~~P]ADP.P~ 
intermediate, K.[cY-~~P]ADP intermediate, and [CY-~~PIADP 
released from the active site. 

Pulse-Chase Experiments. The time course of ATP binding 
was measured by chasing with a minimum of 10-100-fold 
excess unlabeled MgATP ( 5  mM final concentration for most 
experiments in ATPase buffer plus 5 pM taxol) for 0.7 s (10 
half-lives of enzyme turnover, kcat = 10 s-l). For these 
experiments, the reaction mixture is incubated in the delay 
line for the specified time (4 ms to 4 s) as in the acid-quench 
experiments. However, the unlabeled MgATP was in the 
quench syringe rather than HC1; thus, the binding of [ c Y - ~ ~ P ] -  
ATP was followed by the addition of a large excess of MgATP 
rather than terminated by the addition of acid. A modification 
was made in the quench-flow instrument to introduce an 
additional delay after the addition of the MgATP quench so 
that the quenched reaction was held in the exit line the 0.7 
s for the MgATP chase. The reaction mixture was then 
expelled from the instrument directly into 100 pL of 2 N HC1 
to terminate the reaction, followed by the addition of 
chloroform (100 pL) to denature the protein, and 43 pL of 
2 M Tris-3 M NaOH to neutralize the pH. In the pulse- 
chase experiments, bound [cY-~*P]ATP would be converted to 
[CY-~~PIADP + Pi, yet any substrate unbound or bound loosely 
to the active site would be diluted by the excess unlabeled 

Figure 4 shows the pulse-chase experimental results as a 
function of ATP concentration. For the 600 pM [ C U - ~ ~ P ] -  
MgATP experiment ( O ) ,  the 5 mM MgATP chase concen- 
tration was not sufficiently high to maintain an adequate ATP 
dilution during the chase time based on the following 
calculation of product formation: 

[K401 during chasel(0.7-s chase time)(k,,) X 

(ATP dilution during chase) 

Therefore, each data point for the 600 pM [ c Y - ~ ~ P I A T P  
transient in Figure 4 was adjusted for the 3 pM ADP that 
would form during the chase period due to insufficient dilution 
of the radiolabeled ATP. The 5 mM chase required no 
correction at lower [CY-~~PIATP concentrations. 

Theconcentrations for K40 1, microtubules (tubulin), taxol, 
MgADP, and MgATP reported in the paper are the final 
concentrations after the enzyme and substrate are mixed as 
described for the rapid quench protocol. 

Product Analysis. [ c Y - ~ ~ P I A D P  and Pi were separated from 
[CY-~~PIATP by PEI-cellulose TLC plates (eluted with 0.6 M 
potassium phosphate buffer, pH 3.4), and the radiolabeled 
ADP and ATP were quantitated using a Betascope 603 blot 
analyzer (Betagen, Waltham, MA). 

Data Analysis. The kinetic data were modeled using the 
KINSIM kinetic simulation program provided by Drs. Carl 
Frieden and Bruce Barshop, Washington University, St. Louis, 
MO (Barshop et al., 1983) as modified by Anderson et al .  
(1 988). All curves were fit to the single mechanism in Scheme 
1 with the rate constants shown in Table 1. The acid-quench 
transients were modeled by acid output = K*ADP*Pi + ADP. 
However, for the pulse-chase experiments, the partitioning 
that occurred at the K-ATP intermediate must be considered. 
For these transients 

chase output = Xl*K.ATP + K.ADP.Pi + ADP 

The partitioning factor, X1, is the fraction of the K.ATP 
intermediate that proceeds toward hydrolysis with 

x 1  = k+z/(k,z + k-1) 

Numerical integration using the KINSIM program was used 
by an iterative process, varying one rate constant at a time. 
The ranges to each rate constant were assigned on the basis 
of the following criteria. The mechanism (Scheme 1) with 
rate constants fit the data of all experiments, and the rate 
constants satisfied the equations 

(1) kcat = k + 2 k + 4 / ( k + 2  + k-2 + k+4) 
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Table 1 : Microtubule-Kinesin Kinetic Constants" 
reaction k+ k- K, 

M-K + ATP * (M).K*ATP 0.8-3 1M-I s-' 100-300 s-' 0.01 pM-' 
(M)*K.ATP * 70-120 s-I 

(M)*K*ADP-Pi + fastb 
(M).K*ADP-Pi 

(M).K*ADP + Pi 
M*K*ADP + M*K + ADP 

K + ATP K-ATP 
K-ATP * KsADP-Pi 
K-ADPePi * K-ADP + Pi fastb 
K*ADP * K + ADP 0.01 s-lc 

k,, for M-K 10-20 s-1 
k,, for K 0.01 s-l 

10-20 s - ~  

(I These kinetic constants represent the best global fit for all the steady- 
state and pre-steady-state kinetic data presented in this paper. The 
equilibrium constant for ATP binding was calculated for the forward 
reaction as written. Conditions were as follows: 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 DTT at 25 "C. Hackney, 
1988. cGilbert & Johnson, 1993. 

The data presented in Figures 4 and 5, parts B and C ,  were 
obtained from the fits of the pre-steady-state data to the 
biphasic burst equation 

product = A [  1 - exp(-kbt)] + ksst (3) 

where A is the amplitude of the burst; kb, the rate of the 
presteady state burst phase; k,,, the rate of the linear phase 
which corresponds to steady-state turnover; and t, the time in 
milliseconds. The data in Figures 4B and 5B were fit to the 
equation 

where kburst is the first-order rate constant of the pre-steady- 
state exponential phase and Amax is the maximum burst 
amplitude. The initial linear phase of the hyperbola predicts 
the apparent second-order rate constant for ATP binding, 
k+l. The data in Figures 4C and 5C were fit to a hyperbola 

where A is the amplitude of the burst and A,,, is maximum 
burst amplitude. 

The data were fit to eqs 3-5 by nonlinear regression using 
KaleidaGraph Software (Synergy Software, Reading, PA). 

RESULTS 

Burst of Product Formation. We began the pre-steady- 
state analysis of the MTeK401 ATPase by a series of rapid 
quench experiments to examine the kinetics of the first and 
subsequent turnovers of the enzyme. The MTaK401 complex 
was preformed with 10 pM K401 and microtubules (36 pM 
tubulin) in excess and at a microtubule concentration shown 
previously to activate maximally the steady-state ATPase 
activity of K401 (Gilbert & Johnson, 1993). The final 
concentration after mixing in the rapid quench was 5 pM 
K401 and 18 pM microtubules. Figure 1 shows the time 
course for the pulse-chase and acid-quench experiments at 
three concentrations of [ c Y - ~ ~ P ]  MgATP. The data indicate 
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FIGURE 1: Pre-steady-state kinetics of ATP binding and hydrolysis 
at 18 pM tubulin. The ATPase assays were carried out at 25 OC 
according to the rapid-quenching protocol, and each reaction mixture 
contained the MTsK401 complex with microtubules at 18 pM tubulin 
and 5 pM K401. All concentrations reported represent final 
concentrations after mixing 1:l in the rapid quench instrument. The 
time courses of ATP binding (0) and ATP hydrolysis (D) were 
determined for three different [ C Y - ~ ~ P ]  MgATP concentrations (A, 25 
pM;B, 50pM;C, 100pM). Thecurveswerecalculatedbynumerical 
integration according to the mechanism in Scheme 1 with the following 
rate constants: k+l = 1.8 pM-l s-l, k-I = 200 s-l, k+2 = 75 s-l, k+4 
= 10 s-1. 

that the kinetics of ATP binding (pulse-chase experimental 
design) were very similar to the kinetics for ATP hydrolysis 
(acid-quench) at the [cx-~~P] MgATPconcentrations examined. 
Furthermore, the kinetics for both the ATP binding and ATP 
hydrolysis transients were biphasic. There was an initial fast 
rate of ADP-Pi formation (the burst) that corresponds to the 
first turnover, followed by a slower rate of product formation 
(the linear phase) that corresponds to steady-state turnover. 
The burst rate at -65 s-l (exponential phase) for 100 pM 
[ c Y - ~ * P ] M ~ A T P  was faster than subsequent turnovers at 9 s-l 
(linear phase), and the rate of the linear phase is in good 
agreement with the k,,, at 10 s-l determined by steady-state 
rate measurements for this K401 preparation. The observation 
of a pre-steady-state burst in the acid quench experiments is 
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indicative that the rate-limiting step of the MTeK401 pathway 
during steady-state turnover occurs after ATP hydrolysis. 

In the pre-steady-state experiments presented in Figure 1, 
the amplitude of the initial burst of ADP-Pj formation is 
proportional to the concentration of active K401. In the acid- 
quench experiments, the burst amplitude is less than or equal 
to the concentration of the K-ADP-Pi intermediate. During 
the time of the chase in the pulse-chase experiments, the 
[ c Y - ~ ~ P I A T P  bound at the active site is converted to [ cY-~~P] -  
ADP + Pi. [ c Y - ~ ~ P I A T P  unbound or bound loosely to the 
active site is diluted by the excess unlabeled MgATP. 
Therefore, the pulse-chase experiment detects the fraction of 
K.Ia-32PIATP complex that partitions in the forward direction 
as defined by the ratio k+2/(k+2 + k-I). Because the burst 
amplitude for the pulse-chase experiments is the sum of the 
K. [ c Y - ~ ~ P ]  ATP that partitions in the forward direction and 
the products already formed at the active site, we anticipated 
a burst amplitude for these experiments to be equal to the 
K401 concentration used in the experiment (5 pM). Yet, 
even at 100 pM [ c Y - ~ ~ P I M ~ A T P ,  the burst amplitude was 
significantly less than 5 pM. A burst amplitude that is less 
than the enzyme concentration in the pulse-chase experiments 
could result for the following reasons: (1) inactive enzyme, 
(2) K401 with ADP bound at the active site, (3) microtubule 
bundling, (4) ATP concentration not high enough to saturate 
enzyme-active sites, ( 5 )  fast dissociation of ATP from kinesin 
(k-1). Each of these hypotheses was evaluated experimentally, 
and the results are presented below. 

Active-Site Concentration. A common cause of a reduced 
burst amplitude is inactive enzyme or fewer active sites than 
anticipated by protein determinations. Yet, the active-site 
titrations based upon the binding of [CY-~~PIADP in the absence 
of microtubules indicated that this preparation of K401 was 
100% active. 

MTmK-ADP. For the initial rapid quench experiments, the 
MTvK401 complex was preformed with K401 as purified, i.e., 
with ADP bound at the active site. It was assumed that at 
saturating microtubule concentrations, ADP release from 
K401 would be rapid and that ADP would remain in solution 
rather than rebinding to the MToK401 complex. This 
assumption was based on thesteady-state kcat of 10 s-l (Gilbert 
& Johnson, 1993). However, if the MTeK401 complex were 
in equilibrium with MTaK401 -ADP, kinetics such as those 
observed in Figure 1 with a reduced burst amplitude might 
be expected. The experiment presented in Figure 2 tests 
directly the assumption that microtubules would rapidly 
stimulate ADP release from the active site of K401 and that 
the ADP in solution would not inhibit the pre-steady-state 
burst kinetics. This experiment was similar to the 50 pM 
[ c Y - ~ ~ P I M ~ A T P  pulse-chase experiment in Figure 1B except 
20 pM MgADP was also added to the reaction mixture. Figure 
2 shows the results with (1) 20 pM MgADP added to the 
[ C Y - ~ ~ I A T P  syringe, (2) 20 pM MgADP preincubated with 
K401 and microtubules during formation of the MTaK401 
complex, and (3) no additional MgADP added to the reaction 
mixture. It was anticipated thzt if the 5 pM ADP initially 
bound at the active site of K401 were leading to an equilibrium 
of MTeK401 complexes (MTsK401 s MT-K401.ADP), then 
the addition of 20 pM MgADP should shift the equilibrium 
toward MTsK401 .ADP. Experimentally, one would observe 
a further reduction of the burst amplitude or a reduction in 
the rate of the burst. The results in Figure 2 clearly show that 
there is no significant difference in the kinetic data either in 
the presence or absence of added MgADP. Furthermore, 
these results suggest that ADP even as high as 25 pM is not 
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FIGURE 2: Pre-steady-state kinetics of ATP binding in the presence 
and absence of added ADP. The MT.K401 complex ( 5  pM K401 
with microtubules at 18 pM tubulin) was preformed and reacted 
with 50 pM [d2P]MgATP in the absence of added MgADP (e), 
in the presence of 20 pM MgADP added to [aJ2P]ATP syringe (U), 
and in the presence of 20 pM MgADP preincubated with the 
MTsK401 complex (A). The curve was calculated by numerical 
integration according to the mechanism in Scheme 1 with the following 
rate constants: k+l = 1.8 pM-I s-l, kq = 200 s-l, k+2 = 100 s-I, k+d 
= 20 s-1. 

inhibiting the MT.K401 ATPase; thus, the apparent KI for 
ADP must be significantly higher than 25 pM in the presence 
of 50 pM ATP. 

Microtubule Concentration. The initial burst experiments 
were designed with microtubules in excess. However, Harrison 
et al. (1993) demonstrated that K401 binds microtubules at 
saturation with a stoichiometry of 1 K401 per tubulin dimer. 
We tested the hypothesis that excess microtubules were 
resulting in microtubule bundling promoted by a second, 
nonnucleotide-dependent microtubule binding site on K401. 
If this bundling were to occur, it could result in the reduced 
burst amplitude and pre-steady-state kinetics observed, for 
example by a conformational change in K401 or by local 
concentration effects. Figure 3 shows the results from both 
pulse-chase and acid-quench experiments in which the 
MTsK40 1 complex was preformed with microtubules and 
K401 at a 1:l ratio and at two substrate concentrations (50 
and 100 pM [ c P ~ ~ P I M ~ A T P ) .  The pre-steady-state kinetics 
for the ATP binding and the ATP hydrolysis transients at 
both [ c Y - ~ ~ P ]  MgATP concentrations are in good agreement 
with the results with microtubules in excess (Figure 1, parts 
B and C). The curves in both Figures 1 and 3 were simulated 
to the mechanism in Scheme 1 with the same rate constants. 

The results presented in Figures 2 and 3 evaluated the 
obvious technical reasons for the reduced burst amplitude 
and the pre-steady-state kinetics observed. To explore 
mechanistic reasons for the observed burst kinetics, a series 
of pulse-chase and acid-quench experiments was performed 
at increasing concentrations of [ c Y - ~ ~ P ]  MgATP attempting to 
saturate the rate of substrate binding such that the chemistry 
step (ATP hydrolysis) limits the rate of the burst. 

Time Course of ATP Binding. Pulse-chase experiments 
for the MTqK401 complex were performed at increasing 
concentrations of [ c Y - ~ ~ P ]  MgATP to obtain information about 
the equilibrium constant for ATP binding to the MTaK401 
complex. Figure 4A shows the results of product formation 
as a function of time, and the curves were obtained from the 
computer simulations of the data to the mechanism in Scheme 
1 with the rate constants presented in the figure legend. These 
data reveal that the first-order burst rates increase with 
increasing concentrations of [ c Y - ~ ~ P ]  MgATP; therefore, the 
rate of ATP binding to the MTnK401 complex increases with 
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FIGURE 3: Pre-steady-state kinetics of ATP binding and hydrolysis 
with microtubules and K401 at 1:l. The MTsK401 complex (10 pM 
K401 with microtubules in slight excess at 12 pM tubulin) was 
preformed and reacted with [cx-'~P]M~ATP at 50 pM (A) and 100 
pM (B). The time courses of ATP binding (0) and ATP hydrolysis 
(m) are shown. The curves were calculated by numerical integration 
according to the mechanism in Scheme 1 with k+l = 1.8 pM-l s-l, 
k-1 = 200 S-1, k+2 = 75 S-1, k+4 = 10 s-'. 

increasing concentrations of MgATP. The data for each 
transient in Figure 4A were also fit to the pre-steady-state 
burst equation (eq 3). The rate constants and amplitudes 
obtained from the burst equation were plotted in Figure 4, 
partsBandC. Thedependenceofthe burst rateon the [ L U - ~ ~ P ] -  
MgATP concentration is shown in Figure 4B, and the data 
indicate that the first-order rate of the burst is saturating with 
a maximum burst rate of 239 f 66 s-l. The observation that 
the burst rate in the pulse-chase experiments saturates at  
increasing concentrations of substrate would indicate that there 
is a rate-limiting conformational change that occurs prior to 
the chemical step (k+2) on the order of 170-300 s-1 (addressed 
in the Discussion section). The result in Figure 4B that the 
burst rate saturates with increasing concentrations of ATP is 
inconsistent with the minimal mechanism proposed in Scheme 
1 and the time courses in Figure 4A. The observation of 
saturation in Figure 4B may be due to a mechanism more 
complex than one-step binding. Alternatively, the data for 
the first-order rate constants for the burst obtained from the 
burst equation (eq 3) have large standard errors because of 
the weak binding of ATP to the MT.K401 complex. As the 
burst rate increases with increasing concentrations of ATP, 
the fast rates become more difficult to measure accurately 
with a maximum measurable burst rate for the MTsK401 
system on the order of 300-400 s-l, Because of the technical 
problems associated with obtaining these burst rates, the 
interpretation of the results in Figure 4B must be considered 
carefully (see the Discussion section also). 

The initial slope in Figure 4B defines the apparent second- 
order rate constant for ATP binding (k+l) to be 1 pM-l s-l. 
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FIGURE 4: ATP concentration dependence of the pre-steady-state 
kinetics of ATP binding. The MTmK401 complex (10 pM K401 with 
microtubules in slight excess at 12 pM tubulin) was preformed and 
allowed to react with [CX-~~PIM~ATP for 5-200 ms, followed by the 
5 mM MgATPchase as described in Experimental Procedures. Panel 
A shows the transients for each [CX-'~P]ATP concentration: 25 pM 
(O) ,  50 pM (m), 100 pM (A), 200 pM (0), and 600 pM (0). The 
curves were calculated by numerical integration according to the 
mechanism in Scheme 1 with the following rate constants: k+l= 1.8 
pM-l SKI, kl = 200 s-l, k+2 = 100 s-l, k+4 = 20 s-I. Panel B, the 
pre-steady-state burst rate determined for each transient using the 
burst equation (eq 3) and plotted as a function of [CX-'~P]ATP 
concentration. These data were fit to eq 4 (solid line). The initial 
linear part of the fit predicts the apparent second-order rate constant 
for ATP binding (ktl) to be 1 pM-I s-l, the maximum burst rate = 
239 i 66 s-I, and k-I = 49 i 78 s-I. Panel C, the amplitude of the 
pre-steady-state burst determined for each transient using eq 3 and 
plotted as a function of [d2P]MgATP concentration. The data 
were fit to a hyperbola (solid line) with the maximum burst amplitude 
= 7.3 * 0.4 pM and Kedpp = 69 i 14 pM. Panels B and C include 
additional data obtaine%%om experiments not shown in panel A. 

The burst amplitude is shown as a function of substrate 
concentration in Figure 4C; the data were fit to a hyperbola 
with the maximum burst amplitude at 7.3 f 0.4 pM and 

The ATP concentration dependence of the pre-steady-state 
kinetics in these pulse-chase experiments clearly shows that 
even at very high ATP concentrations, the amplitude of the 
burst is less than 1 per active site. We attribute the reduced 
burst amplitude to a fast off rate for ATP (k-1 = 100-300 
s-l). Experiments to measure directly k-1 were not possible. 
The determination of k-1 reported here was made from the 
computer simulations to the mechanism in Scheme 1 with the 
rate constants in the figure legends of Figures 4A and SA. 
Further experimental support of this fast koff,ATp is the 

determined from the data in Figures 4C and 5C. The 
true dissociation constant for ATP binding is defined by eq 
2: 

GriTp = 69 f 14 pM. 

therefore, the ratio of k-l/k+l must be consistent with the 
GTTP determined in Figures 4C and 5C. The Kd calculated 
from the rate constants, k-1 and k+l, is -100 pM. The 
GTTp determined from Figure 4C is 69 f 14 pM, and from 
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trations, the first-order rate constant for the pre-steady-state 
burst is the rate constant k+2, the hydrolysis step. Figure 5A 
shows the acid-quench transients as a function of ATP 
concentration. Although the data indicate an increase in the 
burst rate as a function of ATP concentration, k+2 the rate 
constant for the hydrolysis step is a constant independent of 
ATP concentration. 

The data in Figure 5 ,  parts B and C, were obtained by 
fitting the data of each transient in Figure 5A to the burst 
equation (eq 3). Figure 5B shows the plot of the burst rate 
as a function of [ cx -~*P]M~ATP concentration. The fit of the 
data to eq 4 yields a maximum burst rate of 93 f 38 s-I which 
represents k+z. In Figure 5C, the amplitude of the burst was 
plotted as a function of [ C Y - ~ ~ P I M ~ A T P  concentration. The 
data were fit to a hyperbola with the maximum burst amplitude 
= 5.5 f 0.5 pM and the GdpiTP = 87 f 27 pM. Thus, two 
independent methods to evaluate the data predicted k+2 = 
70-120 s-l. 

Rate-Limiting Product Release. The observation of the 
pre-steady-state burst in the acid quench transients indicated 
that product release was rate-limiting for the MTeK40 1 
ATPase. The rate of product release was obtained from the 
linear phase of the transients in Figures 4 and 5 ,  and this rate 
constant is presumed to represent rate-limiting ADP release 
rather than Pi release although this needs to be determined 
experimentally. The rate of Pi release (k+3) was investigated 
by the [180] exchange experiments of Hackney (1988). He 
reported that the MTmkinesin preparation (native bovine brain) 
did hydrolyze ATP but with essentially no extra incorporation 
of water-derived oxygens. Additional experiments indicated 
that in the absence of microtubules, Pi release is dramatically 
faster than ADP release, and ADP release in the absence of 
microtubules is rate-limiting. Hackney's interpretation of his 
results was that Pi release (k+3) occurs faster than the reversal 
of the hydrolysis step (k-2) and significantly faster than ADP 
release (k+4). 

Our determination of product release was based on the linear 
phase of our burst experiments as well as information obtained 
from the steady-state experiments. The variability in the 
reported value of kc,, = 10-20 s-l is due to differences in 
individual preparations. For each preparation of K401, steady- 
state measurements were made to determine the k,, at 
saturating concentrations of microtubules and MgATP. The 
k,,, determined for steady-state turnover was used in calcu- 
lations with the rate constants, k+2 and k+4 according to eq 
1: 
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FIGURE 5: ATP concentration dependence of the pre-steady-state 
kinetics of ATP hydrolysis. The MTmK401 complex (10 pM K401 
with microtubules in slight excess at 12 pM tubulin) was preformed 
and reacted with [cd2P]MgATP for 5-200 ms, followed by the acid 
quench as described in Experimental Procedures. Panel A shows the 
transients for each [cd2P]MgATP concentration: 25 pM (O),  50 
pM (a), 100 pM (A), 200 pM (0), 600 pM (0), and 800 pM (A). 
The curves were calculated by numerical integration according to 
the mechanism in Scheme 1 with the following rate constants: k+l 
= 1.8 pM-I s-l, k-1 = 200 s-I, k+2 = 100 s-l, k+4 = 20 s-I. Panel B, 
the pre-steady-state burst rate determined for each transient by using 
the burst equation (eq 3) and plotted as a function of [aJ2P]MgATP 
concentration. These data were fit to eq 4 (solid line). The [cx-~~P]- 
MgATP concentrations used were sufficiently high such that ATP 
binding ( k + l )  was no longer limiting the rate of the first turnover. 
Therefore, the maximum burst rate determined from eq 4 predicts 
the maximum rate of hydrolysis, k+2 = 93 * 38 s-l. Panel C, the 
amplitude of the pre-steady-state burst determined for each transient 
using the burst equation (eq 3) and plotted as a function of [ c ~ - ~ ~ P ] -  
MgATP concentration. The data were fit to a hyperbola (solid line) 
with 5.5 * 0.5 pM as the maximum burst amplitude and g% = 
87 f 27 pM. Panels B and C include additional data obtained &om 
experiments not shown in panel A. 

Figure 5C, GTTP = 87 f 27 pM. Therefore, these results 
using two different methods to analyze the data indicate that 
ATP binds weakly to the MTsK401 complex (-100 pM), 
and there is a fast koff,ATp on the order of 100-300 s-l. 

In Figure 4A the data were fit by numerical integration to 
the mechanism in Scheme 1 and the rate constants in the 
figure legend. The data of each transient in Figure 4A were 
also fit to the burst equation (eq 3) to determine k+l, k-1, the 
burst amplitude (A), and the &PiTp .(Figure 4, parts B and 
C). Although the computer simulations are more accurate 
for the final assignment of the rate constants to the mechanism, 
it is important that the results from the equations be consistent 
with the rate constants determined by numerical integration 
(Johnson, 1992). The two independent methods to analyze 
the data yielded a second-order rate constant for ATP binding, 
k+l = 0.8-3 pM-' s-l, k-1 = 100-300 s-l, and the gFTp E 

100 pM. 
Time Course of ATP Hydrolysis. Acid-quench experiments 

were performed as a function of [ c Y - ~ ~ P ]  MgATPconcentration 
to determine the rate of ATP hydrolysis (Figure 5 ) .  The 
determination of the hydrolysis step (k+2) requires sufficiently 
high concentrations of substrate such that ATP binding does 
not limit the first turnover. Therefore at high ATP concen- 

Therefore, the rate constant determined for k+4 was consistent 
with the steady-state kinetics as well as the pre-steady-state 
kinetics for each K401 preparation. 

DISCUSSION 

Mechanism of theMT-Kinesin ATPase Pathway. Analysis 
of the ATP concentration dependence of the pre-steady-state 
kinetics led to the minimal mechanism of the MTakinesin 
pathway of the kinesin ATPase as presented in Scheme 1 with 
the rate constants in Table 1. This model could not have been 
determined without the experiments at high ATP concen- 
trations, and these high ATP experiments required high 
concentrations of enzyme. Thus, the pre-steady-state ex- 
periments were facilitated by the cloning of the kinesin heavy 
chain (Yanget al., 1988,1989) and thesubsequent expression 
of active motor domains (Gilbert & Johnson, 1993). Fur- 
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thermore, these truncated kinesin preparations are capable of 
normal force production because bacterially expressed kinesin 
polypeptides promote motility at rates that are equivalent to 
purified native kinesin (Yang et al., 1990; Stewart et al., 1993). 

The results presented here have provided new information 
about kinesin as molecular motor and its interaction with 
microtubules to generate force for intracellular motility. The 
pre-steady-state kinetics have shown that MgATP binds 
weakly to the MT-kinesin complex which is reflected by the 
gplTp N 100 pM. In addition, the kinetic results reveal a 
fast koff,ATp that results in partitioning of the M-KeATP 
complex between ATP hydrolysis (k+2) and ATP release (k-1). 
The reduced burst amplitude observed is attributed to this 
fast koff,ATp. Furthermore, the observation of the pre-steady- 
state burst in the acid-quench experiments indicates that the 
rate-limiting step occurs after ATP hydrolysis. Our results 
in combination with Hackney's oxygen exchange studies 
(1988) suggest that it is ADP product release that is rate 
limiting during steady-state turnover rather than Pi release. 
Thus, microtubules are acting to increase koff,ADp from 0.01 
s-1 in the absence of microtubules to 10-20 s-l at saturating 
microtubules. At this time, we do not have the data to 
determine if microtubules are also affecting other steps in the 
pathway. It should be emphasized that the mechanism in 
Scheme 1 is a minimal mechanism because the rapid quench 
experiments have not provided evidence in support of additional 
binding steps or conformational changes. Thus, the model as 
presented in Scheme 1 with rate constants (Table 1) will be 
very important in our interpretation of the stopped-flow results 
that measure protein dynamics of the MTaK401 complex 
occurring during ATP turnover. 

ATP Binding and Hydrolysis by the MTqK4OI Complex. 
The model that we have proposed in Scheme 1 is the simplest 
model. At low ATP concentrations, the hydrolysis of ATP 
during the first turnover is limited by ATP binding. As the 
concentration increases, the rate of ATP binding becomes 
sufficiently fast such that ATP binding no longer limits the 
rate of the first turnover, and the maximum rate of hydrolysis 
can be measured. Pi release occurs rapidly (Hackney, 1988), 
and it is ADP product release at 10-20 s-l that limits steady- 
state turnover. The measurement of the GpiTp at - 100 pM 
indicates that ATP binds weakly to the MTeK401 complex, 
and the reduction in burst amplitude is attributed to the fast 

The predictions of the simple model are as follows: (1) k-1 
> k+2 which results in a rapid equilibrium comprised of k+l 
and k-1. Experimentally, this rapid equilibrium would result 
in a reduced burst amplitude and a Kd which indicates weak 
binding of ATP to the MTsK401 complex. The simple model 
accounts for the observed burst amplitude and Kd. (2) This 
model also predicts that the hydrolysis transient from the 
acid-quench experiment would be similar to the ATP binding 
transient from the pulse-chase experiment because of the fast 
rate of k-1 relative to k+2 and the weak binding of ATP to the 
MT.K401 complex. Thus, there is little accumulation of the 
K-ATP intermediate that results because of tight ATP binding 
and is resolved by the pulse-chase experiments. Our data 
show transients in which ATP binding and hydrolysis are 
almost superimposed. (3) To a first approximation, the rate 
constant of the pre-steady-state burst (kb) is defined as 
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koff,ATP at 100-300 s-'. 

Gilbert and Johnson 

where Klk+2 is the apparent second-order rate constant for 

ATP binding. The values calculated for the burst rates (kb) 
using K1 = 0.01 pM-l and k+2 = 100 s-l are comparable with 
the experimental measurement of the burst rates shown in 
Figures 4B and 5B. Thus, the data presented lead to the 
simple model proposed in Scheme 1. The kinetics although 
are somewhat more complex than can be accounted for by the 
equation presented above, and these complexities are fully 
accounted for in the computer simulations (Figures 4A and 
5A). 

The model in Scheme 1 though proposes simple one-step 
binding for ATP to the MTsK401 complex. It is somewhat 
naive to expect single-step substrate binding for the MToK401 
complex with our knowledge of the actomyosin and MTOdynein 
contractile systems. However, until the stopped-flow exper- 
iments are performed and there is evidence for additional 
steps in the mechanism, the mechanism proposed in Scheme 
1 is sufficient to account for the data. 

When one evaluates the apparent second-order rate con- 
stants for ATP binding, the MTsK401 complex does not appear 
strikingly different in comparison to actomyosin (3 pM-l s-l), 
MT-dynein complex (4.6 pM-' s-l), or to bovine brain kinesin 
as the free enzyme (2.5-6 pM-l s-l). In each case, the apparent 
second-order rate constant for ATP binding is <<lo9 M-l s-l, 
the theoretical bimolecular rate constant for a diffusion- 
controlled reaction. Yet, the initial evaluation of the MToK401 
pulse-chase experiments to acid-quench experiments were 
surprising because (1) the transient for ATP hydrolysis was 
essentially superimposed on the ATP binding transient and 
(2) a low burst amplitude was observed in the pulse-chase 
experiments. These results seem to imply that kinesin as a 
molecular motor is different from myosin and dynein. Yet, 
what appear to be differences may reflect the techniques used 
and the presentation of the experimental results. For example, 
rapid quench experiments at high ATP and microtubule 
concentrations were not performed for the MTedynein complex 
because of difficulty in mixing high concentrations of the 
MTadynein complex. Therefore, the quench data for exper- 
iments comparable to those shown in Figures 4 and 5 have not 
been reported. In spite of the complexities and technical 
difficulties in studying the myosin and dynein ATPases, we 
have learned that both myosin and dynein bind ATP more 
tightly as free enzymes than as actomyosin or the MT-dynein 
complex. In each case, the binding of ATP promotes the very 
rapid (>IO00 s-l) dissociation of E-ATP from F-actin or the 
microtubule; and hydrolysis occurs after dissociation from 
the filament. Furthermore, for both the myosin and dynein 
ATPases, force production is associated with the product 
release step@) (Hibberd et al., 1985; Webb et al.,  1986; 
Holzbaur & Johnson, 1989b). 

Sadhu and Taylor (1992) have defined the nucleotide 
binding steps for bovine brain kinesin in the absence of 
microtubules using fluorescent analogs, mant-ATP and mant- 
ADP. Their results have defined a two-step mechanism for 
ATP binding: the initial formation of a collision complex 
followed by a conformational change. The maximum rate of 
binding was determined by the conformational change of the 
kinesimATP intermediate at 150-200 s-l for mant-ATP. 
Similar mechanisms for ATP binding have been demonstrated 
for myosin and actomyosin (Taylor, 1991; Woodward et al., 
199 1, and references within each). Our results do not exclude 
the possibility of a two-step binding mechanism for MTeK401 
as discussed above, yet at this time, we do not have data to 
support any additional steps. Furthermore, our data do not 
give information about the step at which K401 dissociates 
from the microtubule, and the mechanism proposed in Scheme 
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10-20 s-l at saturating microtubule and ATP concentrations. 
Holzbaur and Johnson (1 989a,b) thoroughly characterized 
product release for axonemal dynein. Their results show that 
microtubules bind to the dynein-ADP intermediate and 
increase ADP release from 4 s-l in the absence of microtubules 
to 50-150 s-l in the presence of microtubules. Pi release is 
not activated by microtubules as in the case of actomyosin. 
Furthermore, ADP product release was the step associated 
with force production for the axonemal dynein-microtubule 
contractile system. 

Motility and Force Production. These mechanistic studies 
were pursued to understand kinesin-promoted motility and 
force production. We were prepared to see a distinctly different 
mechanism for the MT-kinesin ATPase in comparison to 
actomyosin and MTmdynein ATPases because of recent in 
vitro motility results (Howard et al.,  1989; Block et al., 1990; 
Romberg & Vale, 1993). These studies showed that single 
kinesin molecules (two heads) promote microtubule-based 
translocations at rates somewhat faster than multiple motors. 
Furthermore, kinesin-promoted translocations were for longer 
distances prior to detachment. These results were in striking 
contrast to actomyosin. For the actomyosin system, multiple 
motors are required for movement, and the rates increase as 
the motor number increases (Uyeda et al., 1991). Although 
single or a small number of myosin motors will bind F-actin 
in the absence of nucleotide, addition of ATP results in 
complete dissociation such that the filament and myosin diffuse 
away from each other. The interpretation of these motility 
results was that kinesin unlike myosin spends more of its cycle 
time in association with the filament with detachment long 
enough for the necessary conformational change for movement 
but with a release time brief enough such that there is not 
time for the microtubule and kinesin to diffuse away from 
each other. Mechanisticconclusions that attempt to go beyond 
this simple interpretation cannot be derived from the motility 
data alone. 

For myosin, force is developed by the transition from 
A-M.ADP.Pi to the high-energy A.M*.ADP-Pi intermediate. 
Pi is released to form a second force-generating state, 
A.M*.ADP (Dantzig et al.,  1992). For dynein, the high- 
energy intermediate, D*.ADP, results after Pi release, and 
this is the intermediate that microtubules bind resulting in 
MT.D*.ADP. Force (discussed for MT.D) continues to be 
exerted until the power stroke is complete with the dynein 
head moving relative to the microtubule lattice. The dynein 
head does not dissociate from the microtubule until the MT-D 
complex rebinds ATP (Holzbaur & Johnson, 1989b). This 
model requires that dynein be more tightly bound to the 
microtubule in the MT.D*.ADP state than either MT-D-ATP 
or MT-D-ADP-Pi states and that ATP and ADP be more 
weakly bound to the MTVdynein complex than to dynein free 
in solution. The kinetic and thermodynamic results support 
this model for force production for both actomyosin and 
MT-dynein. Although we do not have all the information we 
need to define the complete mechanism for kinesin, the results 
presented in this paper are consistent with the mechanisms 
for both myosin and dynein. The MT-K complex binds ATP 
weakly. ATP hydrolysis occurs either prior to or after 
dissociation from the microtubule, and Pi release is fast 
(Hackney, 1988) relative to ADPrelease. Microtubules rebind 
to the K-ADP intermediate, and ADP is released from the 
MT-kinesin complex. What appears unique about kinesin is 
its very tight binding of ADP in the absence of microtubules. 
The current data establish that ADP binds weakly to the 
MT-kinesin complex, and these results are consistent with the 

1 is consistent with K401 dissociation from the microtubule 
prior to or after hydrolysis. 

The rate of hydrolysis determined for MTaK401 at satu- 
rating ATP and microtubules (70-120 s-l) is comparable to 
that for the axonemal dynein ATPase (50-150 s-l). Similar 
rapid quench experiments for the MTSdynein complex were 
not performed because of the inability to use the high 
concentrations of the MTedynein complexes required. How- 
ever, the light-scattering data of the dyneimATP dissociation 
from the MT-dynein complex at >lo00 s-1 upon addition of 
ATP indicate that ATP hydrolysis occurs when dynein is off 
the microtubule. For actomyosin, the rate of ATP hydrolysis 
occurs at -150 s-l with S1 from rabbit skeletal myosin. 
Furthermore, ATP hydrolysis can occur with myosimATP 
dissociated from the actin filament (Lymn & Taylor, 1971) 
or with myosimATP still attached to F-actin [high actin 
concentrations, low ionicstrength (Stein et al., 1979)]. Sadhu 
and Taylor (1992) also measured the rate of the hydrolysis 
step for bovine brain kinesin in the absence of microtubules. 
Their rate constant for the ATP hydrolysis step at 6-8 s-l is 
significantly smaller than the rate we determined at 70-1 20 
s-l. The initial interpretation of the data is that microtubules 
are also activating the rate of ATP hydrolysis indicating that 
the hydrolysis step for the MT-kinesin complex occurs with 
kinesin still in association with the microtubule. However, 
such interpretation is premature without the rapid quench 
experiments for K401 as the free enzyme. First, because of 
the inability to purify large amounts of native bovine brain 
kinesin, Sadhu and Taylor (1992) performed their rapid 
quench experiments at intermediate ATP concentrations; yet 
because ATP binds tightly to kinesin in the absence of 
microtubules, the concentrations of ATP used (1.5-10 pM) 
appear sufficient such that ATP binding was not limiting the 
first turnover. The main reason to be conservative in the 
comparison of the results of native kinesin and MTeK401, is 
the concern about the native kinesin preparation. Hackney 
et al. (1992) have characterized a folded conformation of 
kinesin in which the tail portion bends back onto the motor 
head domain. This preparation exhibits reduced rates of ATP 
turnover even in the presence of microtubules. Therefore, if 
the kinesin preparation used by Sadu and Taylor did contain 
a significant proportion of the kinesin in an inhibited form, 
the k+z determined for the hydrolysis step could be suppressed 
rather than represent the truechemistryratefor theuninhibited 
motor domain. The k,,, reported for the MT-kinesin complex 
by Sadhu and Taylor was 3.1 s-l and is reduced relative to 
the kat for MTvK401 at 10-20 s-l. The buffer conditions 
reported by Sadhu and Taylor favor the folded 9 s  (inhibited) 
conformation of kinesin. Therefore, the differences in the 
results may represent differences in the kinesin preparations 
rather than suggest that microtubules also act at the hydrolysis 
step to increase the rate of ATP hydrolysis. 

Product Release. The observation of a burst in the acid 
quench experiments indicates that the rate-limiting step in 
the mechanism occurs after ATP hydrolysis. The rate for 
product release at 10-20 s-l was obtained from the linear 
phaseof the pre-steady-state kinetics, and this rate was assigned 
to ADP product release rather than Pi release based in part 
on the oxygen-exchange studies with the MT-kinesin complex 
(Hackney, 1988). Furthermore, the observation that K401 
is purified with ADP bound at the active site is indicative that 
K401.ADP is the intermediate that microtubules bind. 
Therefore, these results indicate that microtubules bind the 
K401.ADP intermediate and stimulate ADP product release - 1000-fold from 0.01 s-l in the absence of microtubules to 
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power stroke and force production occurring during ADP 
release step(s). To understand the single-motor results for 
kinesin will require that we define the steps and rate constants 
for kinesin dissociation from and reassociation with the 
microtubule. The current data indicate that kinesin shows 
more similarities to the myosin and dynein ATPases than 
differences. Ultimately, we may find that the mechanistic 
differences reflect functional differences in the cell as well as 
the distinct motility requirements of each of these molecular 
motors. 
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