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Molecular motors are enzymes that couple the energy from
nucleoside triphosphate hydrolysis to movement along a fila-
ment lattice. The three cytoskeletal motor superfamilies in-
clude myosin, dynein, and kinesin. However, in the last decade
it has become apparent that the nucleic acid-based enzymes
(DNA and RNA polymerases as well as the DNA helicases)
share a number of mechanistic features in common with the
microtubule and actin motors despite the fact that their cellu-
lar functions are so different. This review addresses the mech-
anistic approaches that have been used to study molecular
motors. We discuss the basic biochemical techniques used to
characterize a protein preparation, including active site deter-
mination and steady-state kinetics. In addition, we present the
transient-state kinetic approaches used to define a mechano-
chemical cycle. We attempt to integrate the information ob-
tained from kinetic studies within the context of motility re-
sults to provide a better understanding of the contribution of
each approach for dissecting unidirectional force generation.
© 2000 Academic Press

K401, Drosophila kinesin construct containing the N-terminal
401 amino acids; MC1, Ncd construct consisting of amino acid
residues Leu209-Lys700; MC6, Ncd construct consisting of amino
cid residues Met333-Lys700; MtzN, MicrotubulezNcd complex;

MtzK, microtubulezkinesin; EzATP, enzymezATP intermediate;
EzS, enzymezsubstrate complex; NC, Nitrocellulose; TLC, thin
layer chromatography; BSA, bovine serum albumin; mantADP,
29(39)-O-(N-methylanthraniloyl)adenosine 59-diphosphate; mant-
ATP, 29(39)-O-(N-methylanthraniloyl)adenosine 59-triphosphate;
29-dATP, 29-deoxyadenosine 59-triphosphate; Pi, inorganic phos-
phate; MDCC-PBP, fluorescently modified phosphate-binding

protein.
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Pre-steady-state kinetic approaches define the se-
quence of reactions occurring at the active site of an
enzyme following substrate binding and leading to
product release. It is these reaction steps that drive
the structural transitions that account for the move-
ment of molecular motors, their processivity (or lack
thereof), and their directionality of force generation.
In this article we describe the methods and experi-
ments used to define a mechanochemical crossbridge
cycle, starting at the beginning when the purified
motor protein is first in hand to the later stages in
which one probes for cooperativity between motor
domains. The methods and experiments can be and
have been applied to many enzymes, but in this
article we focus predominantly on the microtubule-
based motors, kinesin and non-claret disjunctional
(Ncd), for our examples. Also, this review targets
those who are interested in molecular motors and
want to learn about mechanistic approaches. For a
more detailed presentation of transient state kinetic
theory and methods, we refer you to several excel-
lent reviews (1–3) and the 1999 edition of the text-
book by Fersht (4).

MEASUREMENT OF MOTOR
CONCENTRATION

Most investigators begin the characterization of
the motor preparation by measuring protein concen-
tration using a simple colorimetric method such as
the Bradford assay (5) or by optical absorbance at
280 nm using Beer–Lambert law where
A280/el 5 concentration. [1]
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338 GILBERT AND MACKEY
The length (l ) of the light path through the sample is
typically 1 cm. The extinction coefficent (e) for a motor
protein can be calculated (6) based on constituent
amino acids that absorb at 280 nm (tryptophan, ty-
rosine, and cystine),

etot 5 aetrp 1 betyr 1 cecys, [2]

where eTrp, eTyr, eCys are the molar extinction coefficients
n 6 M guanidinium hydrochloride of tryptophan
etrp 5 5690 M21 cm21), tyrosine (etyr 5 1280 M21 cm21),

and cystine (ecys 5 120 M21 cm21), and a, b, and c are
the numbers of residues per molecule of protein. Typ-
ically, the protein is denatured with either 6 M gua-
nidium hydrochloride or 6 M urea because absorbance
at 280 nm can be affected by light-scattering artifacts,
oligomerization, and the local environment of the ab-
sorbing species. For many proteins, no difference is
observed in the spectra for the native protein in com-
parison to denatured protein. For example, we see the
same spectra for dimeric kinesin construct K401 (Dro-
sophila kinesin construct containing the N-terminal
401 amino acids), monomeric MC6 (Ncd construct con-
sisting of amino acid residues Met333–Lys700), and
dimeric MC1 (Ncd construct consisting of amino acid
residues Leu209–Lys700). Note that for cysteine resi-
ues, it is cystine (S–S) that absorbs at 280 nm rather
han cysteine (6); yet the researcher usually does not
now the number of cystines in the native protein,
nly the total number of cysteine residues. Two ap-
roaches can be used to calculate the extinction coef-
cient of the motor protein. Because the extinction
oefficent for cystine is quite low at 120 M21 cm21, the
ontribution to etot can be ignored especially when the

total number of cysteine residues is small. The alter-
native approach is to assume that all or some propor-
tion of the cysteine residues exist as disulfides; there-
fore, each two cysteines would contribute one cystine
to the calculation of etot. It is also advisable to scan the
UV spectrum of the purified protein to determine if
nucleotide is bound at the active site (broad peak at
A259) (7, 8) and if there are other contributions to the
optical absorbance that may introduce artifacts in the
spectrophotometric determination of protein concen-
tration.

DETERMINATION OF ACTIVE SITE
CONCENTRATION
For many experiments, especially motility assays,
it is not necessary to know the absolute concentra-
tion of active protein. Yet, for steady-state kinetics
and ligand binding experiments, the active site con-
centration is critical to the interpretation of the
data. The four assays discussed here can be per-
formed without specialized instrumentation. The ki-
nesin superfamily members that have been charac-
terized biochemically are all purified with ADP
tightly bound at the active site. This tight ADP
binding can be exploited to determine the concentra-
tion of ATP binding sites in the protein preparation
by using nitrocellulose filter binding (7), gel filtra-
tion centrifugation (9), and/or a phosphocreatine ki-
nase coupled assay (10, 11). Conventional active site
titration can be used for motor proteins such as
myosin and dynein that are purified with their ac-
tive sites free of nucleotide (12).

Nitrocellulose Binding Assay

Nitrocellulose (NC, 0.2-mm pore size; Schleicher &
Schuell, Inc., Keene, NH) is cut to fit the size of the
dot-blot apparatus and pretreated to reduce nonspe-
cific binding. The NC is added to distilled (dH2O)
H2O at 100°C for 3 min followed by a cold dH2O
wash. The NC is then incubated in 0.5 M KOH for 5
min followed by extensive washing in ddH2O prior to
equilibration in the reaction buffer plus 0.1 mg/mL
bovine serum albumin (BSA). The dot-blot appara-
tus is assembled with the pretreated NC and aspi-
rated. The thumbscrews are tightened again to pre-
vent spreading of the sample, and each well to be
used is checked with buffer to ensure an even and
rapid flow. It is important that the NC not dry out
prior to application of the reaction sample.

Motor (0–5 mM) is incubated with 8 mM
[a-32P]ATP (30-mL reaction mix) in buffer plus 0.1
mg/mL BSA at 25°C for 60–90 min. During the
incubation, ADP tightly bound at the active site is
released followed by the subsequent binding of
[a-32P]ATP. The samples (10 mL in duplicate) are
then applied to NC in a dot-blot apparatus and as-
pirated. Free nucleotides ([a-32P]ATP, [a-32P]ADP,
ADP) will pass through the NC, yet nucleotide
tightly bound at the active site will become adsorbed
onto the NC with the motor protein. Two- and three-
microliter aliquots (in duplicate) of the 30-mL reac-
tion mix are spotted onto the NC without aspiration
to determine total counts. The NC membrane is then
air-dried and imaged by direct b emission using a
Phosphor imaging system to quantitate the radiola-
beled nucleotides adsorbed to the NC at each motor

concentration. The advantage of this assay is that it
requires a very small amount of protein to deter-
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mine the concentration of active sites. Note though
that the assay is based on the slow release of ADP
from the active site of the motor in the absence of
microtubules. Therefore, as the rate of nucleotide
dissociation increases or if the affinity of the nucle-
otide for the active site is weakened, this assay
becomes less effective to quantify active sites.

Gel Filtration Assay

For this assay, gel filtration is used to separate
nucleotide that is free in solution from nucleotide
that is bound to the active site of the motor. The
concentration of protein and the concentration of
nucleotide that partitions to the excluded volume is
then determined, with the concentration of nucleo-
tide representing the concentration of active enzyme
sites.

The biospin columns (Bio-Gel P-30, Bio-Rad Lab-
oratories, Hercules, CA) are prepared by washing
the column initially with 500 mL buffer containing
.25 mg/mL IgG or ovalbumin, followed by three
ashes (500 mL each) with buffer to equilibrate the

column and remove residual protein that is added to
decrease the nonspecific binding of the motor to the
P-30 resin. In addition, the centrifugation conditions
must be determined such that the volume added to
the column (80 mL) is recovered as the void volume
(79–82 mL).

A 300 mL reaction mixture containing 20 mM pro-
tein sites (estimated by Bradford) is incubated at
room temperature with 20 mM [a-32P]ATP for 60–90

in to allow for ADP release, followed by [a-32P]ATP
binding and hydrolysis to label the active motor
sites. An 80-mL aliquot is applied to the prewashed
biospin column (performed in duplicate) and centri-
fuged at ;1000g for 5 min at 20°C in a benchtop
winging bucket centrifuge (2450 rpm, Sorvall RT
000B tabletop centrifuge). Aliquots of 5, 7, and 10

mL are used to determine total counts for the calcu-
lation of nucleotide concentration, and aliquots of 10
and 15 mL are used to determine protein concentra-
tion. Approximately 80 mL (79–82 mL) is recovered
as the void volume for analysis by the Bradford
assay for protein concentration and liquid scintilla-
tion counting for nucleotide concentration determi-
nation. Parallel experiments are included in which
either no protein is used in the reaction or standard
proteins such as immunoglobulin G (IgG) and
ovalbumin are substituted for the motor protein.

These control experiments assess the degree of non-
specific binding of the motor protein to the gel filtra-
tion resin, whether free nucleotide partitioned
within the bead pores, and whether there were other
inconsistencies in the assay procedure.

Phosphocreatine Kinase Coupled Assay
This active site assay incorporates an ATP regen-

eration system in which phosphocreatine kinase cat-
alyzes the transfer of the phosphoryl group from
phosphocreatine to ADP to generate ATP. The motor
is incubated with radiolabeled [a-32P]ATP for 60–90
min. During the incubation, ADP at the active site is
released followed by [a-32P]ATP binding and hydro-
lysis. Because the [a-32P]ADP at the active site of the
enzyme is inaccessible to phosphocreatine, the inac-
cessible [a-32P]ADP can be quantified as the concen-
tration of motor sites. The reaction volume of the
initial step is 50 mL with a trace amount of radiola-
beled nucleotide present (5 mL) and motor concen-
tration at 40 mM based on a Bradford estimate. The
reaction mixture is incubated for a time sufficient to
convert all ATP to ADP (60–90 min for conventional
kinesin and Ncd). The reaction volume is then in-
creased to 200 mL by the addition of 150 mL of
ATPase buffer (Reaction Mix A) to yield a final con-
centration of 10 mM motor. Reaction Mix A is di-
vided into two 100 mL aliquots to perform the assay
in the presence and absence of the ATP chase. Re-
action Mix B contains phosphocreatine kinase (0.3
mg/mL), 4 mM phophocreatine, and 65 mM MgATP
in ATPase buffer. Five microliters of Reaction Mix A
is pipetted rapidly with 5 mL of Reaction Mix B and
incubated for times varying from 5 s to 20 min. After
mixing, the final concentration of reactants is 5 mM
motor, 0.15 mg/mL phosphocreatine kinase, 2 mM
phosphocreatine, and 62.5 mM MgATP. The reac-
tion is terminated by the addition of 10 mL 2 N HCl,
followed by 20 mL chloroform to degrade the protein.
The reaction mixtures are neutralized with 2 M
Tris/3 M NaOH (;5 mL) to separate ADP and P i

from ATP using thin-layer chromatography (TLC).
An aliquot (1.5 ml) of the aqueous phase is spotted
onto a polyethyleneimine (PEI)-cellulose TLC plate
(EM Science of Merck, 20 3 20 cm. plastic-backed)
and developed with 0.6 M potassium phosphate
buffer, pH 3.4, with phosphoric acid. Radiolabeled
nucleotide is quantified by direct b emission using a
Phosphor imaging system. The concentration of
ADP for each time point is then calculated from the
counts in the ADP spot (ctsADP) relative to counts in

the ATP spot (ctsATP),

@ADP# 5 @AXP#0@ctsADP/~ctsADP 1 ctsATP!#, [3]
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where [AXP]0 is the concentration of ADP originally
present at the active site and is assumed to be equal
to the protein concentration (EzADP), ctsADP repre-
sents the counts in the spot migrating as ADP, and
ctsATP represents the counts in the spot migrating as
ATP. Therefore, ctsADP 1 ctsATP represents the total
counts for each time point. One advantage of using
TLC to separate ADP and P i from ATP is that both
the substrate and the product are quantified; there-
fore, small differences in volume spotted onto the
TLC plate do not introduce error in calculating the
concentration of the product produced. The data are
fit to the equation

@ADP# 5 A exp~2k1t! 1 C, [4]

where the active site concentration is the sum of the
amplitude ( A) and the constant term (C) to extrap-
olate to zero time; time (t) is in seconds. The excess
nonradioactive MgATP (2.5 mM) provides a chase;
therefore, k 1 is the first-order rate constant for ADP
release in the absence of microtubules (Fig. 1). The
active site concentration ( A 1 C) determined in the
presence of the ATP chase should be equivalent to
the active site concentration determined in the ab-
sence of MgATP. To ensure the coupled assay is fast

FIG. 1. Active site determination for monomeric Ncd, MC6, in
the absence of microtubules. The MC6z[a-32P]ADP complex (5 mM
MC6) was rapidly mixed with 0.30 mg/ml creatine kinase, 4 mM
phosphocreatine in the absence (E) or in the presence (F) of 5 mM
MgATP at 25°C. All concentrations reported are final concentra-
tions after mixing. The data were fit to Eq. [4], [ADP] 5 A
exp(2k 1t) 1 C, where the sum of the amplitude ( A) and the
constant term (C) is equal to the ADP concentration at time 0.
This sum represents the total MC6 enzyme sites that bind
[a-32P]ADP tightly to form the MC6zADP intermediate and pro-
vides the active site concentration at 4.1 mM. In the presence of
unlabeled MgATP (F), the rate of [a-32P]ADP release (k 1) was

21
determined to be 0.003 s . Reprinted with permission from
ackey and Gilbert (11). Copyright © 2000 American Chemical

ociety.
enough to regenerate ATP, control experiments are
performed with double (0.3 mg/mL final concentra-
tion after mixing) and triple (0.45 mg/mL) amounts
of the phosphocreatine kinase. The phosphocreatine
kinase concentration can be increased if there is
evidence that the regeneration system is not suffi-
ciently fast to regenerate the ATP.

This assay assumes that the active site concentra-
tion is equal to or less than the total protein concen-
tration; therefore, if the protein concentration is un-
derestimated by the colorimeteric protein assay, an
inaccurate active site concentration will be obtained.
To avoid this type of error, we routinely assume that
the total protein concentration is ;25% higher than
we measure by the Bradford assay. For example, if
the protein determination is estimated at 20 mM, we
assume a 25 mM stock motor concentration for the
phosphocreatine kinase assay. After the active site
determination is performed, the accurate active site
concentration can be calculated.

The phosphocreatine kinase coupled assay for ac-
tive site determination can be used for motor pro-
teins that do not bind nucleotide as tightly or when
there is concern that the nitrocellulose or biospin
assays may not be accurate because of faster nucle-
otide release or weaker binding of nucleotide. The
phosphocreatine kinase coupled assay also has the
advantage that the rate constant for ADP release
can be determined by the same experiment.

Conventional Active Site Titration
This assay is based on the premise that the con-

centration of active sites is related to the initial
burst of product formed at the active site during the
first turnover. For many enzymes, the slow, rate-
limiting step of the pathway occurs after nucleotide
hydrolysis; therefore, the EzADPzP i intermediate
will accumulate and can be quantified as the con-
centration of active sites of the enzyme. This ap-
proach is valuable for motor proteins that are puri-
fied free of nucleotide, and it is usually considered
one aspect of a pre-steady-state kinetic analysis (dis-
cussed in more detail under Rapid Chemical
Quench-Flow Methods). However, the assay has
been adapted to require very small amounts of pro-
tein and has been used successfully for myosin (12)
whose ATPase pathway is shown in Scheme 1.

M 1 ATPºMzTPºMzDPzPiºM 1 ADP 1 Pi
SCHEME 1. Myosin ATPase mechanism.
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341KINETIC ANALYSIS OF MOLECULAR MOTORS
Five micrograms of purified myosin (;200 nM sites)
as mixed with 400 nM [g-32P]ATP in a 100-mL

reaction volume. The reaction mixture was incu-
bated for 20 s at 25°C, followed by the addition of 1
mM unlabeled MgATP and incubation for an addi-
tional 10 min to chase the [g-32P]ATP bound at the
active site. The reaction was quenched with acid,
and the liberated P i was quantified following or-
anic extraction (13, 14). Alternatively, radiolabeled
TP can be separated from the products ADP 1

g-32P]P i by TLC, and [g-32P]P i quantified directly.
The 20 s incubation was sufficiently long to allow for
one ATP turnover but not two turnovers. Therefore,
the assay provides a quantitative determination of
the MzADPzP i intermediate.

This approach has been modified to measure ac-
tive sites for an enzyme in which ADP is tightly
bound; the example we present is dimeric Ncd, MC1.
Five micromolar MC1 (NzADP) is incubated with
trace amounts of [a-32P]ATP for times ranging from
30 s to 60 min. The reactions are quenched with
acid, and the products [a-32P]ADP and P i are sepa-
rated from [a-32P]ATP by TLC and quantified. As

DP is released from the active site, [a-32P]ATP
inds to the active site and is hydrolyzed. Because
DP product release is so slow (0.003 s21), each

active site under the conditions of the assay retains
[a-32P]ADP (Fig. 2). An important assumption of this
assay is that [a-32P]ATP binding and hydrolysis are
significantly faster than ADP product release such
that once ADP is released from the active site,
[a-32P]ATP will immediately bind and be hydro-
lyzed. It is important to note that this assay will not
report an active site concentration that is higher
than the 5 mM motor concentration. The reaction is

FIG. 2. MC1 active site determination by nucleotide binding.
C1 (NzADP) at 5 mM was reacted with trace amounts of

32
(
l

a- P]ATP, and the reaction was quenched at various time
oints. The data were fit to a single exponential function (Eq. [4])
hich provides an active site concentration of 4.9 mM.
assumed to contain 5 mM Ncd sites as well as 5 mM
ADP with a trace amount of [a-32P]ATP equilibrated
with NzADP. The concentration of [a-32P]ADP bound
at the active is determined by the equation

@ADP*# 5 @ADP#0@ctsADP/~ctsADP 1 ctsATP!#, [5]

here [ADP*] represents radiolabeled ADP formed
t the active site, [ADP]0 in the equation is assumed

to be 5 mM, ctsADP represents the counts in the spot
migrating as ADP, and ctsATP represents the counts
in the spot migrating as ATP. The data are plotted
as a function of time and fit to a single exponential
function (Fig. 2). This assay detects the concentra-
tion of sites that are #5 mM, determines the time
required to exchange ADP at the active site for ra-
diolabeled ATP for subsequent experiments, and es-
timates the rate constant for ADP product release in
the absence of microtubules.

STEADY-STATE ATPase MEASUREMENTS

Steady-State Kinetic Parameters
The first goal of a steady-state kinetic analysis of

a molecular motor is to “get to know” the molecular
motor to compare its characteristics with those of
other molecular motors. These experiments require
only trace amounts of enzyme (mg); therefore, these
experiments are among the first performed after
purification of the protein. Because the steady-state
kinetic parameters are based on the entire popula-
tion of molecules, it is critical that the concentration
of active sites be determined. For microtubule-based
molecular motors, five steady-state parameters can
be determined: k cat, Km,ATP, K 0.5,Mts, k cat/Km,ATP, and

cat/K 0.5,Mts.
k cat is defined as the turnover number (micromolar

product produced per second per active site of the
enzyme) and is expressed in units of reciprocal sec-
onds. It is important to remember that k cat repre-
ents the maximum rate constant of product forma-
ion at saturating substrate. For a microtubule-
ased motor, saturating substrate implies that both
he microtubules and MgATP are at sufficiently high
oncentrations for maximal microtubule activation
f ATP turnover. Therefore, the steady-state kinet-
cs must first be determined as a function of the

icrotubule concentration with MgATP saturating

typically 1–2 mM final concentration is used), fol-
owed by determination of the kinetics at saturating
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342 GILBERT AND MACKEY
microtubule concentration with the MgATP varying
from low to high concentrations. For Ncd, saturating
microtubules could not be obtained for the assay
because of the high viscosity associated with the
required microtubule concentration (.100 mM tubu-
in) (11, 15). Because only 50 mM microtubules could

be used for the ATP concentration dependence, the
k cat determined was lower at 1.6 s21 than that ob-
tained by the microtubule concentration dependence
at 2.1 s21 (11). These data do not reflect inconsisten-
cies in the experiments. Rather, the results empha-
size the meaning of k cat, i.e., the maximum rate
constant of ATP turnover at saturating microtu-
bules and saturating ATP.

The Km (Km,ATP or K 0.5,Mt) is an apparent dissocia-
tion constant that represents the overall dissocia-
tion constant of all enzyme-bound species. The key
in understanding Km is the realization that it rep-
esents all the substrate and product intermediates
ound to the enzyme and is therefore a function of
ll the rate constants in the pathway. Although it is
ot the true substrate dissociation constant for the
zS complex, the Km provides important information

or characterizing a molecular motor by defining the
ubstrate concentration at which the rate of the
eaction is equal to 1

2 k cat. The Km,ATP determined by
teady-state kinetics can also be compared with the

m,ATP obtained from motility assays. Leibler and
use (16) proposed that the ratio of the motility
m,ATP and the solution kinetics Km,ATP is approxi-

mately equal to the number of motors required for
sustained movement. This ratio then can provide
information about processivity and the duty cycle at
initial stages of characterization prior to the more
complex optical trap motility experiments. For
dimeric kinesin, this ratio reveals tight coupling (7,
17–20) in which a single, dimeric kinesin molecule is
required for continuous movement along a microtu-
bule. Yet for dimeric Ncd, the ratio is much higher
(235 mM/23–40 mM), suggesting that several dimeric
Ncd molecules are required for sustained microtu-
bule movement (11, 15, 21, 22).

The k cat/Km parameter is defined as the apparent
second-order rate constant for productive substrate
binding, and it sets a lower limit on the true second-
order rate constant for the substrate binding. The
similarity between the true second-order rate con-
stant for substrate binding and the k cat/Km steady-
state parameter is determined by the kinetic parti-

tioning of the EzS complex either to dissociate to E 1

or to go forward for catalysis. In the case of dimeric
2

kinesin, K401, kinetic partitioning of the K z ATP
intermediate (Scheme 2)

MzK 1 ATP L|;
k11

k21

MzKzATP L|;
k12

MzKzADPzP MzKzADP L|;
k16

MzK 1 ADP

k13. .k15

KzADPzP L|;
k14

KzADP 1 P

SCHEME 2. MtzK401 ATPase mechanism.

was detected such that the k cat/Km was significantly
less than the true second-order rate constant for
ATP binding (23, 24). The magnitude of k cat/Km can
be used to evaluate enzyme specificity for sub-
strates; therefore, it can be a very valuable param-
eter to determine early in the analysis especially if
more than one nucleotide can be hydrolyzed by the
molecular motor of interest (23, 25).

The k cat/K 0.5,Mt parameter (also referred to as K bi

(26)) is defined as the apparent second-order rate
constant for productive motor association with the
microtubule. The principles discussed above also
hold for this constant. However, it is important to
remember that k cat/K 0.5,Mt may or may not be equiv-
lent to the true second-order rate constant for mi-
rotubule binding. One must consider partitioning of
he MtzEznucleotide intermediate as well as the ki-

netic mechanism.

Microtubule Preparation

As experimentalists, we take great strides to pro-
tect our enzyme’s native state to ensure the activi-
ties we measure are representative of the active
molecular motor. Yet, it is equally important to
think about the filament partner, especially for the
microtubule-based motors because microtubules are
more labile than either F-actin or DNA and many of
the measurements are dependent on the concentra-
tion of microtubules present in the assay. On the day
of our experiments, the microtubules are assembled
from soluble tubulin (cold depolymerized and clari-
fied by centrifugation) and stabilized with 20 mM
axol (7). This procedure yields microtubules that
re competent for polymerization with essentially no
oluble tubulin remaining. The tubulin concentra-
ion for this preparation is determined prior to ex-
erimentation by the Lowry method (27). Although

0 mM taxol is routinely included in the microtubule

buffers, the taxol concentration can be increased to
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343KINETIC ANALYSIS OF MOLECULAR MOTORS
be stoichiometric for experiments at high microtu-
bule concentrations or high salt concentrations.

Radiolabeled ATPase Assays

The advantage of using a radiolabeled substrate
to determine steady-state turnover is the high sen-
sitivity of the assay. A complete substrate concen-
tration series of experiments can be performed with
a few micrograms of enzyme. Because we separate
ADP 1 P i from ATP using TLC, either [a232P]ATP
or [g232P]ATP can be used. Our assay is described
using formic acid rather than HCl, a recent modifi-
cation suggested by Dr. Smita Patel (UMDNJ
RWJ Medical School). Because formic acid is vola-
tile, the acid-quenched reaction mixture can be spot-
ted directly onto the TLC plate for elution without
the requirement to neutralize the reaction with
base. The formic acid quench procedure decreases
the time required for the assay; however, steps must
be taken to avoid acid hydrolysis of the ATP. Our
quenched reactions are stable on ice for 60 min
without increased formation of ADP although we
routinely spot immediately after quenching each re-
action mixture.

For the ATPase measurements, two tubes are pre-
pared each containing 50 mL for a total reaction
volume of 100 mL. Enzyme tube A contains the mo-
lecular motor, microtubules, ATPase buffer, and 40
mM taxol. Substrate tube B contains 1 mL of
a-32P]ATP, unlabeled MgATP, and ATPase buffer.
he reactions are initiated by the addition of 5 mL of

ube A to 5 mL of tube B and incubated at 25°C for
various times (eight time points per 100 mL). The
10-mL reaction for each time point is terminated by
the addition of 10 mL of 5 N formic acid. The zero
time points are determined by denaturing the en-
zyme (5 mL tube A) with 10 mL formic acid prior to
the addition of 5 mL of the [a-32P]ATP substrate
mixture (tube B). An aliquot (1.5 mL) of the
quenched reaction mixture for each time point is
spotted onto a PEI-cellulose F TLC plate (20 3 20
m, plastic-backed, EM Science) and developed in
.6 M potassium phosphate buffer, pH 3.4, with
hosphoric acid. Radiolabeled nucleotide is quanti-
ed directly using a Phosphor imager. [a-32P]ATP

(or [g-32P]ATP) as purchased contains a small
amount of ADP 1 P i (1–2%) which is evident at the
zero time reactions. The concentration of product
obtained at each time point is therefore corrected for

the contaminating [a-32P]ADP determined in each
eaction by the zero time points. The data are ini-

d
P

tially plotted as the concentration of product formed
as a function of time and fit to a straight line. The
slope provides the rate of the reaction (micromolar
substrate converted to product per micromolar en-
zyme sites per second) for each ATP concentration.
The rates (s21) of these reactions are then plotted as
a function of ATP concentration, and the data are fit
to a hyperbola to determine the steady-state kinetic
constants, k cat and Km,ATP. For the substrate concen-
tration dependence experiments, the filament con-
centration must be high enough to provide the max-
imum rate of ATP hydrolysis at saturating ATP
concentrations. Similarly, to determine the K 0.5,Mt

and the k cat from the microtubule concentration de-
pendence experiments, the concentration of ATP
must be sufficiently high to provide the maximum
rate of ATP turnover.

Coupled NADH Oxidation System

ATPase assays can be successfully performed
without using radiolabeled substrate, and one pop-
ular coupled assay is based on quantifying the de-
crease in fluorescence of NADH as it is oxidized to
NAD1 (Fig. 3). This approach is routinely used for
he microtubulezkinesin (MzK) ATPase (28, 29). The

MzK complex (100–200 nM kinesin, 0–8 mM tubu-
lin, 20 mM taxol) is mixed with 0.5 mM MgATP and
the coupled NADH system (1.5 mM KCl, 0.2 mM
NADH, 0.5 mM phosphoenol pyruvate (PEP), 0.01 U
pyruvate kinase, and 0.03 U lactate dehydrogenase);
concentrations reported are final concentrations af-
ter mixing. The decrease in fluorescence is moni-
tored at 340 nm, and the time-dependent quenching
of fluorescence is fit to a line to obtain the steady-
state rate of ATP turnover. The advantages of the

FIG. 3. Coupled NADH oxidation assay to determine steady-
state ATPase. ATP turnover by a molecular motor (K) is linked to

1
the oxidation of NADH to NAD to observe the time-dependent
ecrease in fluorescence at 340 nm. PEP, phosphoenolpyruvate;
K, pyruvate kinase; LDH, lactate dehydrogenase.
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assay are that it is relatively simple and does not
require radioactive nucleotide. However, controls
must be done to ensure that the coupled assay is fast
enough to recycle the ATP and prevent ADP accu-
mulation. In addition, as the concentration of micro-
tubules is increased, the light-scattering artifact in-
creases such that the NADH optical signal becomes
unreliable for rate determination.

Malachite Green Assay to Detect Inorganic Phosphate

The advantages of using this assay (30) are that it
is relatively simple to perform, does not require ra-
dioactive nucleotide, and can be used to assess the
ATPase activity of ATP analogs such as 29(39)-O-(N-
methylanthraniloyl) ATP (mantATP) where radiola-
beled ATP analogs are not commercially available
(8, 24, 31, 32).

The reagents include 0.045% malachite green hy-
drochloride in water (45 mg per 100 mL H2O), 4.2%
mmonium molybdate in 4 N HCl (4.2 g per 100 mL
N HCl), 34% sodium citrate (34 g per 100 mL H2O),

and 5 mM KH2PO4 as the standard phosphate solu-
tion. The color reagent (0.8 mL per sample) is pre-
pared directly before the ATPase assay is performed
by mixing 3 vol of the 0.045% malachite green solu-
tion with 1 vol of the 4.2% ammonium molybdate
solution for 20 min. The color reagent is then filtered
using Whatman (Clifton, NJ) No. 5 filter paper.

The ATPase assay is performed (25 mL reaction),
uenched with 25 mL of 2 N HCl, and neutralized

with 2 M Tris–3 M NaOH (;4 mL) as described
previously (32). For each 54 mL ATPase reaction,
800 mL of the color reagent is added and vortexed
immediately. The mixture is incubated for 1 min at
room temperature, followed by addition of 100 mL of
the 34% sodium citrate solution and immediate vor-
texing. Color development is allowed to occur at
room temperature for 30 min, and the absorbance at
660 nm is read immediately against a buffer reagent
blank. For the phosphate standards (20–500 mM),
the stock solution is diluted to obtain final concen-
trations in 25 mL. The P i standards are also
quenched with HCl and neutralized comparable to
the ATPase reactions. For our kinesin experiments,
we used microtubules as high as 16 mM tubulin to
reach full activation of the steady-state ATPase (24,
32). However, for Ncd, a much higher concentration
of microtubules was required to approach ATPase
saturation (50 mM). As the microtubule concentra-

tion increased, the background concentration of P i

increased such that there was a loss of sensitivity for
detection of the P i generated by ATP turnover. The
limitation of the malachite green assay for studying
microtubule-based motor proteins is that it may not
have the sensitivity required to quantify P i gener-
ted during nucleotide turnover at high microtubule
oncentrations.

PRE-STEADY-STATE KINETICS

The steady-state kinetic analysis provides impor-
tant basic information about a molecular motor, but
the results cannot address the events at the active
site following substrate binding and prior to product
release. Furthermore, the steady-state kinetics can-
not provide an understanding of the cooperativity
between motor domains that is essential to unidirec-
tional movement. In contrast, pre-steady-state ki-
netics can provide this information. Transient-state
kinetic methods can be used to measure the rates
and dissociation constants of individual steps in the
pathway of a molecular motor in the presence and
absence of the filament partner. The constants de-
termined from these experiments represent individ-
ual pieces to a jigsaw puzzle. The goal at the end of
the analysis is to be able to fit together the pieces to
define the pathway and understand the coupling of
ATP turnover to energy transduction for unidirec-
tional movement.

However, the experiments typically require rapid
mixing instrumentation (chemical quench-flow and
stopped-flow instruments), milligram amounts of
protein, and a significant time investment to estab-
lish a pathway. Our goal in this section is to provide
the reader with an understanding of the experimen-
tal design, what can be learned from each experi-
ment, and the limitations in interpretation of the
data. We refer the reader to several excellent re-
views on transient-state kinetic theory and method-
ology for a more complete presentation (1–4).

Rapid Chemical Quench-Flow Methods

This method involves the rapid mixing (1–2 ms) of
the enzyme with the substrate to initiate the reac-
tion, followed by termination of the reaction at the
desired time with a quenching agent (hydrochloric
acid, formic acid, trifluoroacetic acid). Because the
quench denatures the enzyme, the substrate and
product(s) bound at the active site are released to

the solution. The product formed at each time inter-
val can be quantified; therefore, this experiment
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measures the time course of product formation. In a
pre-steady-state kinetic experiment, the enzyme
concentration is typically much higher than the
trace amount used for steady state kinetics. The
enzyme concentration must be high to provide the
signal necessary to observe and quantify reactions
at the active site during the first turnover. Although
these experiments do provide information about the
rate of the reaction, the data also define the kinetics
in absolute concentration units which can be related
to enzyme active sites. This amplitude information
is critical to defining a pathway.

Acid Quench
We have used the rapid quench approach to de-

termine the rate constant of ATP hydrolysis for
dimeric Ncd, MC1 (Fig. 4) (33), and dimeric kinesin,
K401 (Fig. 5) (23). These molecular motors are used
to describe the experimental protocol and also to
illustrate what can be learned about a motor from
this type of analysis. The MtzNcd complex (20 mM
tubulin, 5 mM MC1, 20 mM taxol) was rapidly mixed
in the quench-flow instrument with increasing con-
centrations of [a-32P]ATP. (All concentrations re-
ported are final concentrations after mixing 1:1.)
Each reaction was quenched with acid and expelled
from the instrument. An aliquot (1.5 mL) of each
reaction mixture was spotted onto a PEI-cellulose
TLC plate and developed with 0.6 M potassium
phosphate buffer, pH 3.4, with phosphoric acid to
separate [a-32P]ATP from [a-32P]ADP 1 P i. The ra-

iolabeled nucleotide was quantified directly, and
he concentration of ADP for each time point was
hen calculated from the counts in the ADP spot
ctsADP) relative to counts in the ATP spot (ctsATP) as

described by

@ADP# 5 @ATP#0@ctsADP/~ctsADP 1 ctsATP!#, [6]

where [ADP] represents radiolabeled ADP product
formation, and [ATP]0 is the concentration of ATP
used in the reaction. All time points must be cor-
rected using the zero time point because of the 1–4%
contaminating [a-32P]ADP present with the radio-
nucleotide. The data were fit to the burst equation

@ADP# 5 A@1 2 exp~kbt!# 1 k2t, [7]

where A is the amplitude of the burst representing

the formation of [a-32P]ADPzP i at the active site
during the first turnover, k b is the rate constant of
the pre-steady-state burst phase, k 2 is the rate con-
stant of the linear phase and corresponds to steady-
state turnover, and t is the time in seconds.

Figure 4A shows the acid quench data for MC1 at
four different ATP concentrations (33). There is an
initial, rapid, exponential phase of product forma-
tion that occurs at the active site during the first
turnover. The initial burst phase is followed by a
slower, linear phase of product formation that cor-
responds to subsequent turnovers of ATP by the
enzyme. The observation of a burst of product for-

FIG. 4. Pre-steady-state ATP hydrolysis by MC1. The pre-
formed MtzN complex (5 mM MC1, 20 mM tubulin) was rapidly
mixed in the chemical quench flow instrument with varying con-
centrations of [a-32P]MgATP and allowed to react for 0.01–2 s. All
oncentrations reported are final after mixing. (A) Transients for
TP hydrolysis in the presence of 10 mM (F), 25 mM (■), 50 mM
}), and 100 mM (Œ) [a-32P]MgATP. The data were fit to the burst

equation (Eq. [7]). Only the initial 0.8 s of each transient is shown
to expand the time domain of the initial burst phase. (B) Pre-
steady-state kinetic burst rate constant calculated for each tran-
sient and plotted as a function of [a-32P]MgATP concentration.

he data were fit to a hyperbola which yields k12 5 23.4 s21 and
d,ATP 5 16.4 mM (Scheme 3). The [a-32P]MgATP concentrations

used were sufficiently high such that ATP binding (k11) no longer
imits the rate of the first turnover. Therefore, the maximum rate
onstant for the burst predicts the maximum rate constant for
TP hydrolysis (k12). (C) Amplitude of the pre-steady-state burst
lotted as a function of [a-32P]MgATP concentration. The data
were fit to a hyperbola (maximum burst amplitude 5 5.7 6 1.1
mM). Reprinted with permission from Foster and Gilbert (33).
Copyright © 2000 American Chemical Society.
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mation in this experiment indicates that ATP bind-
ing and hydrolysis are significantly faster than the
rate-limiting step that occurs after catalysis. The
data for each ATP concentration were fit to Eq. [7]
which provides the burst rate (k b), the amplitude
A), and the rate constant of the linear phase (k 2) in

units of micromolar product per second. To convert
k 2 to a first-order rate constant (s21), k 2 is divided by
the enzyme active site concentration used in the
reaction. One anticipates that the rate constant, k 2,
will be consistent with the steady-state kinetic rate
constant once enzyme, microtubule, and ATP con-
centrations are considered.

FIG. 5. Kinetics of ATP hydrolysis for the MtzK401 ATPase. The
MtzK401 complex (10 mM K401,12 mM tubulin) was preformed
nd reacted with [a-32P]MgATP for 5–200 ms, followed by the acid
uench. (A) Transients for ATP hydrolysis in the presence of 25

mM (F), 50 mM (■), 100 mM (Œ), 200 mM (E), 600 mM (h), 800 mM
(‚) [a-32P]MgATP. The curves were calculated by numerical in-
egration with the following rate constants: k11 5 1.8 mM21 s21,
21 5 200 s21, k12 5 100 s21, k14 5 200 s21. (B) Pre-steady-state
inetic burst rate constant determined for each transient using
q. [7] and plotted as a function of [a-32P]MgATP concentration.
he data were fit to a hyperbola which yields k12 5 93 s21

(Scheme 2). The [a-32P]MgATP concentrations used were suffi-
ciently high such that ATP binding (k11) no longer limits the
rate of the first turnover. Therefore, the maximum rate constant
for the burst predicts the maximum rate constant for ATP hydro-
lysis (k12). (C) Amplitude of the pre-steady-state burst (Eq. [7])
plotted as a function of [a-32P]MgATP concentration. The data
were fit to a hyperbola (maximum burst amplitude 5 5.5 mM and

apparent K d,ATP 5 87 mM). Reprinted with permission from Gil-
ert and Johnson (23). Copyright © 1994 American Chemical
ociety.
Figure 4B shows the burst rates obtained from the
exponential phase (Eq. [7]) and plotted as a function
of ATP concentration. Note that the burst rate in-
creases as a function of ATP concentration. At high
ATP concentrations, ATP binding no longer limits
the rate of the first turnover; therefore, the maxi-
mum rate constant of the burst phase obtained from
the fit of the data to a hyperbola provides the rate
constant for ATP hydrolysis (Scheme 3).

MzK 1 ATP L|;
k11

k21

MzNzATP L|;
k12

MzNzADPzP MzNzADP L|;
k16

MzN 1 ADP

k13. .k15

NzADPzP L|;
k14

NzADP 1 P

SCHEME 3. MtzNcd ATPase mechanism.

The fit of the data also provides the K d for substrate
binding because this experiment measures directly
the formation of product at the active site during the
first turnover.

Figure 4C shows the burst amplitudes obtained
from Eq. [7] and plotted as a function of ATP con-
centration. The burst amplitude represents the for-
mation of the NzADPzP i intermediate (Scheme 3)
and can be related to the concentration of active
sites of the enzyme. Note that the maximum burst
amplitude determined at 300 mM ATP is 4.5 mM,
suggesting approach to a full burst amplitude of 5
mM. The fact that the burst amplitude saturates at
the enzyme concentration used in the experiment (5
mM) is indicative of relatively tight ATP binding,
suggesting that there is little, if any, partitioning of
the NzATP intermediate. The burst amplitude data
from this type of experiment are frequently used to
determine the concentration of active sites (34–36).
In contrast, the same experiment at similar micro-
tubule and nucleotide concentrations for dimeric ki-
nesin, K401 (Fig. 5), suggests partitioning of
MtzKzATP intermediate between the forward path-
way toward ATP hydrolysis and the reverse path-
way to ATP dissociation (Scheme 2). In the case of
kinesin, the maximum amplitude of the burst was
significantly less than the concentration of enzyme
active sites in the experiment.

The burst amplitude data can also be used to
obtain mechanistic information about the pathway.
For monomeric kinesin, a super-stoichiometric burst
amplitude was interpreted as indicative that the

monomeric kinesin remained tightly bound to the
microtubule for multiple turnovers of ATP and that
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ATP hydrolysis was uncoupled from movement (24,
37). For dimeric Ncd, the observation of a burst
amplitude approximately equal to the enzyme con-
centration (1:1 stoichiometry) was interpreted as ev-
idence that dimeric Ncd was not processive for ATP
hydrolysis (22, 33).

Pulse–Chase
To measure the kinetics of ATP binding or to

investigate possible partitioning of the EzATP inter-
mediate, a pulse–chase experimental design is used.
The pulse–chase experimental results for dimeric
kinesin, K401 (Fig. 6), provided evidence that kine-
sin binds ATP weakly (23). The MtzK401 complex
was rapidly mixed with [a-32P]ATP for 5–200 ms
(5–8 half-lives of the hydrolysis reaction), followed
by a 5 mM MgATP chase. The reaction was then

FIG. 6. Kinetics of ATP binding for the MtzK401 ATPase. The
MtzK401 complex (10 mM K401,12 mM tubulin) was preformed
nd reacted with [a-32P]MgATP for 5–200 ms, followed by the 5
M MgATP chase. (A) The transients for ATP binding in the

resence of 25 mM (F), 50 mM (■), 100 mM (Œ), 200 mM (E), 600
mM (h) [a-32P]MgATP. The curves were calculated by numerical
integration with the following rate constants: k11 5 1.8 mM21 s21,

21 5 200 s21, k12 5 100 s21, k14 5 200 s21 (Scheme 2). (B)
Presteady-state kinetic burst rate constant determined for each
transient using Eq. [7] and plotted as a function of [a-32P]MgATP
oncentration. (C) Amplitude of the pre-steady-state burst (Eq.
7]) plotted as a function of [a-32P]MgATP concentration. The data
ere fit to a hyperbola (maximum burst amplitude 5 7.3 mM and
apparent K d,ATP 5 69 mM). Reprinted with permission from Gil-
ert and Johnson (23). Copyright © 1994 American Chemical
ociety.
terminated by the addition of acid, and the products
were separated by TLC for analysis.

The concentration of MgATP for the chase must be
in large excess to prevent the [a-32P]ATP or
[a-32P]ADP from binding the active site during the
time of the chase and prior to the acid quench. The
pulse–chase experiment is designed to allow all ki-
netically stable [a-32P]ATP at the active site to be
converted to [a-32P]ADP (Scheme 2). However,
weakly bound [a-32P]ATP or [a-32P]ATP in solution
will not partition toward ATP hydrolysis. The data
are quantified from the TLC as described by Eqs. [6]
and [7].

The amount of ADP formed in the acid quench
experiment represents KzADPzPi 1 KzADP 1
ADP. However, in the pulse– chase experi-
ment, the amount of ADP formed represents
X1pKzATP 1 KzADPzPi 1 ADP, with X1 represent-
ng the partitioning factor, the fraction of the
zATP intermediate that proceeds toward ATP
ydrolysis (Scheme 2):

X1 5 k12/~k12 1 k21!. [8]

The partitioning factor can be determined from the
ATP hydrolysis rate constant (k12) determined from
the acid quench experiment and by using the KIN-
SIM computer modeling program (38) to analyze the
pulse–chase data to determine k21 (23). The rate
constant for ATP dissociation (k21) cannot be mea-
sured directly because of the difficulty in obtaining a
stable MtzKzATP intermediate. Therefore, k21 was
determined by computer simulation (23).

Stopped-Flow Methods
The stopped-flow instrument, like the rapid

quench, rapidly mixes reactants on a millisecond
time scale, but for this method an optical signal is
obtained. The optical signal can be light scattering,
absorbance, turbidity, or fluorescence, but the goal
in a stopped-flow experiment is that the optical sig-
nal correlate with a distinct step in the reaction.
Stopped-flow experiments are essential because this
approach can measure the nucleotide-dependent
conformational changes that occur as the motor pro-
tein interacts with its filament partner. The limita-
tion of the method is in the interpretation of the
stopped-flow kinetic data (discussed below).

Substrate Binding

The kinetics of ATP binding can be measured us-

ing an intrinsic fluorescence change that occurs on
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348 GILBERT AND MACKEY
ATP binding at the active site (excitation at 290 nm
with fluorescence emission at .340 nm). Because of
he location of tryptophans present in the catalytic
otor domain, the ATP binding kinetics for actomy-

sin were defined by using the intrinsic fluorescence
ignal (39, 40). However, when this approach was
pplied to kinesin, there was no detectable change in
ntrinsic fluorescence (9). In retrospect, this result is
ot surprising based on the fact that within the
atalytic motor domain of kinesin, there are no tryp-
ophan residues and only a few tyrosines that could
erve as reporters of conformational changes. Sadhu
nd Taylor (9) investigated a number of the fluores-
ent ATP analogs that were used in studies for my-
sin and reported that only mantATP gave a fluo-
escence enhancement of high enough magnitude to
e usable for kinetic studies for kinesin. This analog
as also proved to be very valuable for studies with
inesin superfamily members including Ncd, Eg5,
nd Kar3 (11, 22, 24, 32, 33, 41–45) as well as
yosin superfamily members (36, 46–49).
One anticipates that a fluorescent nucleotide an-

log may have different kinetic parameters in com-
arison to the natural substrate; therefore, it is im-
ortant to measure the steady-state kinetics of the
nalog to determine the k cat and the Km. For dimeric

kinesin, K401, and monomeric kinesin, K341, the
k cat for mantATP was comparable to the k cat using
ATP (24, 32). However, the Km,mantATP was elevated
pproximately threefold. Although the Km is ele-

vated somewhat, mantATP is considered to be a
good analog because of its fluorescence enhancement
and the ability to detect steps in the pathway that
may not be accessible using the nonfluorescent, nat-
ural substrate. Furthermore, mantADP has been
extremely valuable in resolving the cooperativity
between the motor domains of dimeric kinesin and
Ncd as discussed below.

To measure the kinetics of mantATP binding, a
Mtzmotor complex was preformed and rapidly mixed
with mantATP in the stopped-flow. For dimeric and
monomeric kinesin as well as dimeric and mono-
meric Ncd, the fluorescence transients show a bipha-
sic signal with a rapid increase in fluorescence fol-
lowed by a significantly slower decrease in
fluorescence (Fig. 7A). The interpretation of the ini-
tial, fast exponential phase is straightforward and
can be correlated with mantATP binding to the ac-
tive site. However, the interpretation of the second
phase, the slow decrease in fluorescence, is more

difficult to interpret. Does it represent a conforma-
tional change after mantATP binding and prior to
mantATP hydrolysis? Does it represent mantATP
hydrolysis? Does it represent a conformational
change after mantATP hydrolysis? This example il-
lustrates a limitation of the stopped-flow method in
that a rate associated with an optical signal cannot
always be interpreted accurately. Therefore, it is
important to explore and consider all reasonable
interpretations of a stopped-flow signal.

The substrate binding experiment is typically re-
peated as a function of mantATP concentration, and
the rate constant of each initial, exponential phase
is plotted as a function of mantATP concentration as
shown in Fig. 7B. The data are fit to

kobs 5 kon@mantATP# 1 koff, [9]

FIG. 7. 39Mant-29-dATP binding to the MtzMC6 complex. The
preformed MtzMC6 complex (8 mM MC6, 20 mM tubulin) was
apidly mixed in the stopped-flow instrument with the fluorescent
TP analog 39mant-29dATP. (A) A transient is shown at 100 mM
9mant-29dATP. The fluorescence signal (jagged curve) repre-
ents an average of five traces, and the smooth line is the fit of the
ata to a double exponential function (Eq. 11). The rate constant
f the initial observed fluorescence enhancement is 150 s21, fol-
owed by a slower phase in which the relative fluorescence de-
reased (k obs 5 11 s21). (B) Apparent rate constants for the in-

crease (F) and decrease (E) in fluorescence enhancement as a
function of 39mant-29dATP. The data from the initial, rapid in-
crease in fluorescence (F) were fit to Eq. [9], providing the second-

21 21
order rate constant for substrate binding at 2.03 mM s and the
y intercept, k off 5 28 s21. The maximum rate constant of the
second phase (E), the decrease in fluorescence, was 13.7 s21.
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where k obs is the rate constant obtained from the
xponential phase of the fluorescence change, k on

defines the second-order rate constant for mantATP
binding, and k off represents dissociation of mantATP
by either the reverse reaction, the forward reaction,
or a combination of both. In Figs. 7A and 7B, we
show substrate binding for the mantATP isomer,
39mant-29dATP. The data for the slow, second phase
are plotted as a function of 39mant-29dATP concen-
tration. The data did not reveal a substrate concen-
tration dependence as expected if 39mant-29dATP
binding were limiting 39mant-29dATP hydrolysis.
Also, the maximum rate constant at 13.7 s21 was too
slow to account for 39mant-29dATP hydrolysis. The
slow phase was assumed to represent a conforma-
tional change in the protein after initial 39mant-
29dATP binding and/or hydrolysis.

The advantage of measuring the kinetics of ATP
binding by using a fluorescence signal is that the
stopped-flow can accurately measure significantly
faster rates more accurately than the rapid quench
instrument. In addition, the stopped-flow experi-
ments are much less time consuming and less de-
manding physically in comparison to rapid quench
experiments. However, the pulse–chase experiment
is the better experiment to determine partitioning of
the EzATP intermediate because it provides ampli-
tude information in concentration units. When a
fluorescent ATP analog is used, the investigator
must always consider whether the contacts that oc-
cur with amino acids of the active site are altered
because of the fluorescent functional group added to
the nucleotide. Typically, investigators use both the
pulse–chase rapid quench experiment and stopped-
flow kinetics to evaluate substrate binding.

Kinetics of Phosphate Release
The kinetics of phosphate release from a molecu-

lar motor can be measured directly using a fluores-
cently modified phosphate-binding protein (MDCC-
PBP) coupled assay (22, 24, 32, 36, 50, 51). This
method was developed by Webb and collaborators
(50) and is extremely powerful in detecting a point in
the ATPase cycle that has been difficult to measure
directly. In the coupled assay, the filamentzmotor
complex is rapidly mixed in the stopped-flow instru-
ment with ATP in the presence of MDCC-PBP. The
motor binds and hydrolyzes ATP. When inorganic
phosphate is released from the active site of the
motor, the phosphate-binding protein binds the free

P i rapidly and tightly, exhibiting a fivefold change in
fluorescence that is due to the conformational
change in the phosphate binding protein (50). The
kinetics are recorded as relative fluorescence (volts),
but the data can be converted to concentration (mM)
based on control experiments in which 2 mM MDCC-
PBP is rapidly mixed with known concentrations of
KH2PO4. Therefore, the amplitude of the kinetic
signal can be evaluated relative to the enzyme site
concentration used in the experiment. This assay is
technically more difficult than traditional stopped-
flow kinetic experiments. However, the MDCC-PBP
coupled assay provides mechanistic information
that historically has been very difficult to obtain. It
was this assay that was instrumental in our under-
standing the mechanistic basis of kinesin’s proces-
sivity (32).

Kinetics of ADP Release

Probably the easiest method to measure ADP
product release from the MtzmotorzADP intermedi-
te is to use the fluorescence signal from mantADP
11, 22, 24, 32, 33, 41–45). In this experiment (out-
ined in Fig. 8A), motorzADP complex is incubated

with mantADP in excess. As ADP is released, man-
tADP binds the active site. The motorzmantADP
complex is then rapidly mixed with microtubules in
the stopped-flow with excitation at 360 nm and
emission monitored at 450 nm. MantADP fluores-
cence is quenched by the aqueous buffer; therefore,
FIG. 8. Experimental designs to determine the mantADP re-
lease kinetics from the Mtzkinesin complex.
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there is a decrease in fluorescence as mantADP is
released from the active site of the enzyme. For this
experiment, ATP is typically included in the micro-
tubule syringe to act as a cold chase and ensure that
mantADP once released does not rebind to the active
site.

Kinetics of Motor Association and Dissociation
with the Filament
For actomyosin (52) and for axonemal dynein (53),

these kinetics were measured by stopped-flow light
scattering (295 nm). However, for kinesin and Ncd,
we monitored turbidity at 340 nm because the tur-
bidity signal provided greater sensitivity at low ATP
concentrations to measure the dissociation kinetics
for Mtzkinesin and MtzNcd complexes. The tradi-
ional experiment to measure motor detachment
rom its cytoskeletal partner was defined by the
ctomyosin kinetic experiments (52) in which the
ctomyosin complex was rapidly mixed with MgATP
n the stopped-flow. There was a decrease in light-
cattering intensity, and the data were fit by a single
xponential function. The rate constant for dissoci-
tion increased linearly as a function of ATP and
pproached 2000 s21. Because dissociation was sig-

nificantly faster than ATP hydrolysis (.10-fold), the
interpretation made by Lymn and Taylor was that
AzM binds ATP, followed by rapid detachment from
F-actin for ATP hydrolysis. When the same type of
experiment was performed for Mtzkinesin and
MtzNcd complexes, the kinetics for detachment were
significantly slower at 12–14 s21 and slower than the
kinetics for ATP hydrolysis. However, additional ex-
periments were performed to show definitively that
kinesin and Ncd remain on the microtubule for ATP
hydrolysis (15, 17, 22, 32, 33).

An important point about stopped-flow data is
reemphasized by the presentation of the dissociation
kinetic experiment. Stopped-flow kinetics are based
on optical signals; therefore, the investigator must
make the interpretation of whether the kinetics rep-
resent motor detachment from the filament and
whether motor detachment occurs before or after
ATP hydrolysis. Although it may appear unlikely,
one must also consider that the stopped-flow kinet-
ics may not be measuring detachment but may rep-
resent an ATP-dependent conformational change oc-
curring while the motor is still bound to the
filament. For the monomeric Ncd motor MC6 (11),
we observed that the amplitude associated with the

dissociation kinetics was quite small relative to the
same experiment for dimeric MC1 at the same active
site concentration (Fig. 9). We pursued a series of
experiments as a function of salt concentration to
determine whether the stopped-flow signal was rep-
resenting an ATP-dependent conformational change
of the motor bound to the microtubule, or whether
the signal represented a few MC6 motors detaching
from the microtubule. The dramatic increase in the
amplitude as a function of salt concentration (Fig.
9C) indicates that the stopped-flow signal in Fig. 9A
represented a few MC6 molecules detaching from
the microtubule. Therefore, the interpretation of the
kinetics was that MC6 does not readily detach from
the microtubule as proposed for dimeric MC1 and
that ATP hydrolysis was uncoupled from movement
(11). However, if the data from Figs. 9A and 9B were
considered without the data in Fig. 9C, the interpre-
tation of the dissociation kinetics for monomeric Ncd
would be quite different. This example with mono-
meric MC6 emphasizes the importance of careful
evaluation of stopped-flow signals.

The kinetics of motor association are straightfor-
ward for the kinesin superfamily members because
the motor is purified with ADP tightly bound at the
active site. The assumption can be made that it is
the kinesinzADP intermediate that binds the micro-
tubule, followed by subsequent ADP release from
the MtzKzADP intermediate (Scheme 2). For the as-
sociation kinetics, one expects an increase in turbid-
ity as the motor binds the microtubule.

The association kinetics evaluate productive bind-
ing of the motor to the microtubule as does the
landing rate assay used to evaluate molecular motor
motility (18, 21, 54, 55). In the motility assay, the
coverslip is coated with motor at a known density.
Microtubules are added, and the number that move
are scored. Landing rates (Mtzs21zmm2) are plotted
as a function of motor density. Thus, the kinetic and
motility experiments are probing the same point in
the crossbridge cycle, productive motor association
with the filament.

Motor Domain Cooperativity

For the kinetic experiments, the rate constants
are reported as k obs to emphasize that the data re-

ort the stopped-flow signals from both motor do-
ains for dimeric motors and as many as six sub-

nits for many DNA helicases and the F1-ATPase.
The challenge is to design experiments that probe
one motor domain separate from the other(s) to de-

fine a mechanism that explains the reaction steps at
each active site throughout the crossbridge cycle.
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were initiated with 1 mM MgATP plus KCl. All reactions were in
ATPase buffer which contains 50 mM potassium acetate in addi-
tion to any KCl added to the reaction. The data were fit to either
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Furthermore, an investigator attempts to identify
the specific steps at which intermolecular interac-
tions occur and to understand the contribution of
motor domain cooperativity to unidirectional move-
ment. A series of experiments have been developed
for kinesin to explore domain cooperativity that
should be applicable to other molecular motors.

Dimeric Kinesin: Head 1 versus Head 2

By using the fluorescence signal from mantADP,
investigators have been able to dissect the interac-
tion of each kinesin motor domain with the micro-
tubule (Fig. 8). Figure 8A shows the experiment
originally used to measure mantADP release from
both motor domains of dimeric kinesin (17, 32). In
the experiment, ADP tightly bound at the active site
is exchanged with mantADP to label both motor
domains with the fluorescent ADP analog. The
kinesinzmantADP complex is then rapidly mixed in
the stopped-flow instrument with microtubules 1
MgATP. In the initial experiments, ATP was added
as a chase to prevent mantADP from rebinding the
active site. However, in the absence of nucleotide or
in the presence of ADP, the kinetics for mantADP
release were biphasic, with the first exponential
phase fast and the second quite slow (44, 56, 57).
The interpretation of the data was that the first
motor domain binds the microtubule with rapid re-
lease of mantADP, and rapid release of mantADP
from the second motor domain required ATP binding
at head 1. Therefore, to measure the kinetics of
mantADP release from both motor domains of the
dimer required ATP.

These initial experiments revealed a strategy to
measure the kinetics of mantADP release from head
1 separate from the head 2 kinetics (22, 44, 57). ATP
binding to head 1 is required for microtubule asso-
ciation of head 2 and the rapid release of mantADP.
Therefore, to measure the kinetics of mantADP re-

one or two exponential terms. For MC1 in the absence of added
KCl, k obs 5 14.4 s21, relative amplitude 5 0.32. For MC6, k obs 5
11.4 s21, relative amplitude 5 0.02. Note that there is a progres-
sive increase in the amplitude associated with MC6 dissociation
kinetics as the added salt was increased from 0 to 500 mM KCl.
There was no appreciable turbidity signal associated with the
reaction in which microtubules (6 mM tubulin) in the absence of
FIG. 9. ATP-induced dissociation kinetics of the MtzMC6 com-
lex. (A) MgATP (15 mM 1 100 mM KCl final concentration) was
apidly mixed with the preformed MtzMC6 complex (2 mM MC6,
mM tubulin final) and monitored in a stopped-flow instrument

to measure the kinetics of MC6 dissociation from the microtubule.
The smooth line is the fit of the data to a single exponential,
providing k obs 5 6.5 s21 at 15 mM ATP. (B) The observed expo-

ential rate is plotted as a function of MgATP concentration. The
ata were fit to a hyperbola with k diss 5 14.0 s21. Inset: Data for
–250 mM MgATP. (C) The ATP-induced dissociation kinetics of

dimeric MC1 were measured at the same time as the dissociation
kinetics for monomeric MC6. Both MtzNcd complexes were pre-
formed with either 4 mM MC6 or 4 mM MC1 (active site concen-
trations) with microtubules at 6 mM tubulin, and the reactions
motor were reacted with 1 mM MgATP 1 500 mM KCl. Reprinted
with permission from Mackey and Gilbert (11). Copyright © 2000
American Chemical Society.
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lease from head 1, ATP was not added to the micro-
tubule syringe or alternatively, MgADP was added
with the microtubules to delay the kinetics of mant-
ADP release for head 2 (Fig. 8B). Thus, the kinetics
of mantADP release for head 1 were measured with-
out the contributing signal of mantADP release from
head 2.

Figure 8C shows an experiment, introduced by Ma
and Taylor (57), to measure the mantADP release
kinetics from head 2, without the contributing mant-
ADP signal from head 1. In this experiment, an
equilibrium MtzKzmantADP complex is preformed
by incubating the dimeric motor, microtubules, and
one-half the concentration of mantADP as the active
site concentration (one mantADP bound per kinesin
dimer). The presence of microtubules establishes a
high-affinity site for mantADP and a low affinity site
for mantADP, and the experiment assumes that
mantADP will only accumulate at the high affinity
site. Subsequently, the MtzKzmantADP complex was
rapidly mixed with MgATP, and the kinetics of man-
tADP release from head 2 were measured. There-
fore, these three experiments defined critical inter-
molecular interactions between the kinesin motor
domains required for unidirectional force genera-
tion.

One Head or Two for Movement
Another approach to explore cooperativity is to

study the monomeric motor in direct comparison to
the dimeric motor (10, 11, 24, 37, 41, 55, 58–62).
This approach with kinesin, Ncd, and cytoplasmic
dynein revealed that the partner motor domain was
required to weaken the affinity of the adjacent head
with the microtubule, leading the authors to propose
that both motor domains were required for move-
ment (11, 24, 59, 62).

Kinetic Data to Evaluate Processivity
Kinetic processivity has been defined as the aver-

age number of ATPase cycles before dissociation of
the motor from its filament partner, and investiga-
tors have turned to steady-state and pre-steady-
state kinetics to correlate processive ATP hydrolysis
with processive movement. Three criteria have been
presented as tests for kinetic processivity.

Hackney introduced the first test based on the
results with kinesin (26). The steady-state kinetic
parameter, k /K . 108 M21 s21 indicated that
cat 0.5,Mt

multiple ATP turnovers occurred per encounter with
the microtubule. The second test for processivity is
that the steady-state k cat divided by the pre-steady-
state rate constant for dissociation be .1 for proces-
sive motors. This approach has been accurate in
predicting processivity based on the results for ki-
nesin (processive), Ncd (nonprocessive), and myosin
II (nonprocessive) (22, 32, 33, 57, 63). The third test
of processivity is the size of the pre-steady-state
burst in the rapid quench experiments. A burst am-
plitude greater than the concentration of enzyme
sites indicates that multiple ATP hydrolysis events
occur per encounter with the filament (22, 24, 32, 33,
37, 60).

Although each of these tests can be used to eval-
uate processivity, the kinetics cannot substitute for
a direct experiment to evaluate processive move-
ment. However, the single-molecule motility exper-
iments to determine processivity can quite difficult,
and it may take years before the technical problems
are resolved. Therefore, investigators will use all the
mechanistic and motility data available in an at-
tempt to determine processivity. For the kinetics,
one must always be cautious in the interpretation
because the conditions of the assay impact the ki-
netics and constants defined by the experiments. For
example, the salt concentration in an experiment
can greatly alter the affinity of a motor for its fila-
ment partner which will be reflected in the kinetic
constants (k and K). From our perspective, the best
experimental indicator of a motor’s processivity is
the observation that the Km,ATP in the motility assay
is comparable to the Km,ATP determined by steady-
state kinetics (16). These experiments require mi-
crogram amounts of protein and are performed in
the first months to characterize a new motor. Defin-
itive proof of processivity requires single-molecule
motility experiments and determination of step size.

Data Analysis
Kinetic data are typically fit to equations by non-

linear regression methods that describe the time
dependence of the reaction (single exponential, dou-
ble exponential functions) such that the single expo-
nential equation

Y 5 A exp~2k1t! 1 C [10]

or the double exponential equation

Y 5 A1exp~2k1t! 1 A2exp~2k2t! 1 C [11]
provides the amplitude ( A), the rate of the reaction
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(k), and the endpoint (C) of the reaction. Although it
may appear obvious to use a double exponential
function to fit data representing two phases (mant-
ATP binding) or data for the same reaction but for
two motor domains, in reality it can be quite difficult
to extract the intrinsic rate constants using this
approach. Problems can result because the differ-
ence in the rates associated with two phases is small
or because the signals representing each component
are not well separated (mantADP release kinetics
for dimeric kinesin). Although one always begins by
fitting kinetic data to exponential equations, the
final stage of defining a mechanism involves com-
puter simulation of the data to a model (1–3, 38).
Global fitting of the data by numerical integration
using either KINSIM/FITSIM (38, 64) or Scientist
(Micromath Inc.) will model the data to a kinetic
scheme, predicting the observed concentration de-
pendence of the rates and amplitudes of each phase.
Computer simulation should be considered as an
additional experiment, performed to eliminate other
possible mechanisms and to test one or more models
proposed based on the kinetic results.

CLOSING COMMENTS

In this article, we have presented the kinetic ex-
periments used to establish an ATPase crossbridge
cycle, using kinesin and Ncd as our examples, to
illustrate the basic principles. We encourage inter-
ested readers to examine the original research pub-
lications for these microtubule-based motors and
also to watch closely the developing stories for my-
osin V (36, 49, 65, 66) and myosin VI (67). The
application of pre-steady-state kinetic methods to
study molecular motors has increased dramatically
because of advances in instrumentation and the
overexpression and purification of the motor pro-
teins. Transient-state kinetics can now be used rou-
tinely in combination with biophysical, structural,
and genetic techniques to unlock the secrets of en-
ergy transduction for unidirectional movement.
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