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ABSTRACT: Previous studies on the motor enzyme kinesin suggesting that the enzyme molecule tightly
binds to a microtubule by only one of its two mechanochemical head domains were performed with
multiple kinesin molecules on each microtubule, raising the possibility that interactions between adjacent
bound molecules may interfere with the binding of the second head. To characterize the microtubule-
bound state of isolated single kinesin molecules, we have measured the rates of nucleotide-induced
dissociation of the complex between microtubules and bead-labeled single molecules of the dimeric kinesin
derivative K448-BIO using novel single-molecule kinetic methods. Complex dissociation by<2 µM
ADP displays an apparent second-order rate constant of 1.2× 104 M-1 s-1. The data suggest that only
one of the two heads is bound to the microtubule in the absence of ATP, that binding of a single ADP
to the complex is sufficient to induce dissociation, and that even lengthy exposure of kinesin to the
microtubule fails to produce significant amounts of a two-head-bound state under the conditions used.
The inhibitor adenylyl imidodiphosphate (AMP-PNP) induces stochastic pauses in the movement of bead-
labeled enzyme molecules in 1 mM ATP. Exit from pauses occurs at 2 s-1 independent of AMP-PNP
concentration. The same rate constant is obtained for dissociation of the transient kinesin-microtubule
complexes formed in 1 mM ADP, 0.5 mM AMP-PNP, suggesting that release of a single AMP-PNP
molecule from the enzyme is the common rate-limiting step of the two processes. The results are consistent
with alternating-sites movement mechanisms in which two-head-bound states do not occur in the enzyme
catalytic cycle until after ATP binding.

Kinesin and its homologs are motor enzymes that use the
free energy derived from ATP hydrolysis to drive the
movement of membrane-bounded organelles, chromosomes,
and other subcellular structures along cytoplasmic microtu-
bules (1). Kinesin is a heterotetramer of two heavy chains
and two light chains (2-4). The N-terminal∼340 amino
acids of each heavy chain form a compact globular “head”
domain with dimensions 7× 4.5× 4.5 nm (5). Studies of
truncated heavy chain derivatives demonstrated that the head
contains a single ATPase catalytic site (6) and is sufficient
to generate movement of the enzyme along microtubules (7,
8). Kinesin molecules move along the microtubule in
discrete 8 nm steps, each of which corresponds to the net
hydrolysis of one molecule of ATP (9-12).
A variety of experimental results demonstrate that kinesin

and its two-headed derivatives are “processive” motors that
maintain a continuous association with the microtubule for
multiple catalytic turnovers and multiple mechanical steps:
(i) the ability of kinesin molecules to follow the tracks of
microtubule protofilaments during movement (13-16), (ii)

the ability of single kinesin molecules to move continuously
for hundreds of nanometers along the microtubule without
dissociation (17-20), (iii) measurements demonstrating that
the ATPasekcat/K1/2,microtubuleis larger than either the measured
rate constant for the kinesin-microtubule association reaction
or the calculated maximum diffusion-limited rate constant
of that reaction (21-23), and (iv) demonstration that
nucleotide-stimulated release of kinesin from the microtubule
is slower thankcat and thus cannot be a step in the turnover
cycle (24, 25). One-headed derivatives of kinesin generally
fail to display these hallmarks of processive movement (6,
14, 19, 20), consistent with proposals that a two-headed
structure is required for processive movement. [However,
there is some evidence for limited processivity of ATP
hydrolysis by one-headed derivatives (23, 26, 27).]
Movement of kinesin along the microtubule is thought to

involve repeated microtubule binding and dissociation by
individual kinesin heads, with the binding and dissociation
reactions induced by changes in the chemical species bound
at the catalytic sites. Heads bind tightly to the microtubule
in the absence of nucleotide or in the presence of the substrate
analog andenylyl imidodiphosphate (AMP-PNP)1 [an inhibi-
tor of kinesin motility (28)], but much more weakly in the
presence of ADP (2, 29-31). Binding of an ADP molecule
and a microtubule to a kinesin head are thus mutually
antagonistic.
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A major unsolved problem in understanding the mecha-
nistic features that underlie processive kinesin movement is
determination of the order and rate constants for all steps in
the catalytic cycle and the structures of the reaction
intermediates. Important insights into the mechanism have
come from comparing the properties of one- and two-headed
kinesin derivatives in biochemical and motility experiments.
For example, kinesin with ADP bound at the active site
rapidly releases nucleotide when the enzyme is mixed with
microtubules (25, 31, 32). A one-headed derivative can
rapidly release essentially all of its bound ADP. In contrast,
a two-headed derivative with an ADP molecule bound at
each of its two sites releases rapidly only half of its bound
ADP molecules; the remaining half releases much more
slowly than catalytic turnover. These results suggest the
formation of a stable species in which one head is bound to
the microtubule and releases nucleotide while the other head
is blocked from microtubule binding (presumably by steric
constraints) and therefore retains its bound ADP. [In
contrast, some data have been interpreted as supporting
models in which both kinesin heads bind at least weakly to
the microtubule in the absence of added nucleotides (24, 25,
33).] The interpretation that each enzyme dimer has only
one bound head is consistent with the cryoelectron micros-
copy reconstructions of complexes between two-headed
kinesin derivatives and microtubules (34, 35), which also
suggest that each dimer has one bound and one free head.
The one-head-bound state is an intermediate in hypothesized
alternating site mechanisms of kinesin movement (16, 25,
32). However, the relevance of the experimental data to the
movement mechanism of isolated single kinesin molecules
is unclear, as evidence for the state comes entirely from
experiments performed under conditions in which multiple
kinesin molecules were bound to each microtubule. Under
such conditions, interactions between adjacent microtubule-
bound kinesin molecules may influence their properties. The
structural experiments in particular were performed with
microtubules saturated with dimeric kinesin, raising the
possibility that the binding of the free head may be blocked
by the occupancy of adjacent microtubule lattice positions
by the bound heads of other molecules. This mechanism
may also explain the substantial effects of changing the
fractional saturation of microtubule lattice positions on
kinesin pre-steady-state and steady-state ATPase kinetics (21,
26). Even the ADP release experiments, which are con-
ducted at much lower kinesin:tubulin ratios, may be influ-
enced by stabilizing interactions between adjacent microtubule-
bound enzyme molecules. There is evidence for analogous
interactions between microtubule-bound dynein molecules
(36-38). If such interactions are strong, the resultant
cooperative binding of kinesin molecules to microtubules will
cause most kinesin molecules to occupy lattice sites adjacent
to occupied sites, even when experiments are performed at
low enzyme:tubulin ratios. In such a system, the measured
macroscopic properties of the enzyme will be those of
molecules adjacent to (and interacting with) other bound
enzyme molecules, not those of the isolated molecules
characterized in single-molecule motility experiments.
We here report a characterization of the tightly microtu-

bule-bound states ofisolated indiVidualmolecules of a two-
headed kinesin derivative. These states, formed in the
absence of added nucleotide or in the presence of AMP-

PNP, are putative intermediates (or analogs of intermediates)
in the processive motion of kinesin along microtubules. To
study their properties, we have examined the kinetics of
ADP- or ATP-induced breakdown of the complex between
a microtubule and the kinesin derivative K448-BIO. K448-
BIO consists of the 448 N-terminal residues of theDroso-
phila kinesin heavy chain linked to 87 residues of theE.
coli biotin carboxyl carrier protein (BCCP). The BCCP
domain is posttranslationally biotinatedin ViVo, facilitating
specific labeling of the enzyme with streptavidin conjugates.
K448-BIO forms highly stable dimers with steady-state
ATPase, processivity, and microtubule-tracking activities
similar or identical to those of native kinesin (14, 20, 39,
40). The experiments were performed using light micros-
copy to detect microtubule binding and movement by
individual K448-BIO molecules attached to streptavidin-
coated microscopic polymer beads. Bead attachment ensures
that single enzyme molecules are observed in isolation. In
addition, the kinetic measurements on bead-attached mol-
ecules are performed under physical and chemical conditions
identical to those used for nanometer-resolution motility
studies (9-12, 41); the relevance of the measurements to
previously characterized features of the movement mecha-
nism is therefore more certain. The results are consistent
with a model in which the enzyme-microtubule complex
formed in the absence of added nucleotide has only a single
bound head and requires binding of only a single ADP
molecule to dissociate and in which AMP-PNP release limits
the rate of breakdown of the enzyme/AMP-PNP/microtubule
complex in the presence of either ADP or ATP. Our studies
support hand-over-hand movement models in which two-
head bound states occur in the catalytic cycle only after ATP
binding to one head.

MATERIALS AND METHODS

Materials. K448-BIO (40) is a biotinated kinesin deriva-
tive that consists of the 448 N-terminal residues of the
DrosophilakinesinR chain, followed by 2 serine residues
and the 87 C-terminal residues of theE. colibiotin carboxyl
carrier protein. K448-BIO was expressed using the bacu-
lovirus expression vector system and purified as previously
described (40). Purified enzyme was stored at 0°C and used
within 4 days, and was centrifuged at 21000g for 20 min
immediately prior to use. K448-BIO concentration was
measured using the Bradford (42) assay standardized with
bovine serum albumin (BSA;43). Microtubules were
polymerized from bovine brain tubulin and stabilized with
taxol (gift of N. R. Lomax, National Cancer Institute) as
described (43). Globulin-free BSA and chromatographically
purified bovineR-casein were purchased from Sigma.
StreptaVidin-Conjugated Beads. Carboxylated polystyrene

beads (109 nm diameter) (Seradyn) were conjugated with
streptavidin (Molecular Probes) and incubated with 1 mg
mL-1 BSA and 1 mM dithiothreitol as described by Berliner
et al.(14). Bead suspension concentrations were determined
by comparingA260 to that of standard dilutions of unconju-
gated beads. Control experiments showed thatA260 is
proportional to concentration in the absorbance range used
and that the proteins present in the conjugated bead samples
contribute negligibly to the measured absorbance.
Bead-Enzyme Complexes.All experiments were per-

formed with bead-kinesin complexes prepared in 50 mM
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imidazole chloride, 50 mM NaCl, 2 mM EGTA, 4 mM
MgCl2, 0.03 mM 2-mercaptoethanol, and 0.1% Tween-20,
pH 6.7, by mixing a solution containing a measured number
of streptavidin-conjugated beads with a solution containing
an equal number of K448-BIO molecules (final enzyme
concentration typically 2µg mL-1) and incubating 10 min
at 0°C. At the 1:1 molar ratio of enzyme and beads,e27%
of the beads will bear two or more enzyme molecules if the
molecules are distributed randomly. However, in only a
small fraction of these beads are two or more enzyme
molecules simultaneously able to interact with the microtu-
bule, since the bead diameter is approximately 10-fold larger
than the predicted length of a K448-BIO molecule.
Microscopy. The interaction of the bead-enzyme com-

plexes with microtubules were examined in coverslip flow
cells (∼10-15µL capacity) coated with microtubules, rinsed,
coated with casein, and then coated with bovine serum albu-
min as previously described (14); the volumes of all rinses
were equal to the capacity of the cell. Cells were then rinsed
with 2 cell volumes of ABTB buffer (50 mM imidazole
chloride, 50 mM KCl, 2 mM EGTA, 4 mM MgCl2, 20µM
taxol, 0.1 mg mL-1 bovine serum albumin, pH 6.7) supple-
mented with the specified concentration of nucleotide(s).
Immediately after preparation, bead-enzyme complexes
were diluted>10-fold into fresh ABTB-nucleotide solution,
and 1 cell volume of the mixture was introduced into the
flow cell. The cells were monitored by video differential
interference contrast microscopy at∼25°C, and bead binding
to, motility along, and/or release from the microtubules was
videotaped as described (14). In some cases, recordings were
transferred to a digital video storage device [as in Schafer
et al. (44)] for subsequent frame-by-frame analysis.
Transient-State Bead Release Experiments. To measure

the rate of the release of bound enzyme-bead complexes
from immobilized microtubules, a cell prepared as described
above with no added nucleotide was incubated∼5 min to
allow the enzyme-bead complexes to bind to the im-
mobilized microtubules. The cell was than washed (over
∼1 min) with 20 µL of ABTB buffer supplemented with
the specified concentration of ADP to initiate the release of
the enzyme-bead complexes from the microtubules. The
beads that were bound to visible microtubules at the cessation
of the ADP wash (taken arbitrarily as the zero time point)
and were not bound at the end of the video recording (25-
35 min later) were cataloged as released beads. Some
microtubules detached from the surface and were lost from
the field of view during the ADP wash or the subsequent
incubation; beads attached to such microtubules were not
counted as released beads. The cumulative number of beads
released at various time intervals after the zero time point
was computed; these data were fit to an exponential reaction
progress curve to determine the apparent first-order bead
release rate constant.
Equilibrium Bead Release Experiments.An alternate

experimental design measured release kinetics of bound
enzyme-bead complexes from immobilized microtubules
under equilibrium conditions using a microscopic (i.e., single-
molecule) kinetics method. Enzyme-bead complexes were
introduced into a cell containing immobilized microtubules
in ABTB buffer supplemented either with 1.6µM ADP or
with 1 mM ADP, 0.5 mM AMP-PNP and examined by video
microscopy. Data were collected from a 35 min recording

(1.6µM ADP sample) or five 30 s recordings (1 mM ADP,
0.5 mM AMP-PNP sample). For each bead observed to
diffuse up and bind to the microtubule and later to detach
and diffuse away from the microtubule, the duration of the
binding event was tabulated. Control samples to which no
nucleotides were added showed essentially permanent bead
binding with only∼1% of binding events having duration
<10 min, indicating that the shorter events observed in
experimental samples were caused by ADP-induced detach-
ment of the K448-BIO molecule from the microtubule rather
than spontaneous detachment of the streptavidin-conju-
gated bead from the enzyme molecule. Beads of 109 nm
diameter have a Stokes law diffusion coefficient of 3.9×
10-8 cm2 s-1 and will therefore diffuse an average distance
of 8 × 102 nm in a time interval of 0.19 s. Because this
distance is similar to the bead image diameter in the
microscope, binding events shorter than 0.19 s cannot reliably
be distinguished from simple diffusional encounters in which
no binding takes place. Therefore, the experimental data
distributions were truncated by excluding events shorter than
tmin ) 0.19 s. Control experiments in the presence of a
saturating concentration (1 mM) of ADP showed very few
binding events, none of which (0 of 12 observations) had
durations between 0.19 s and 10 min, demonstrating that the
events in this time range detected in experimental samples
were due to bead binding to the microtubules induced by
the presence of AMP-PNP (1 mM ADP, 0.5 mM AMP-PNP
experiments) or by the reduced ADP concentration (1.6µM
ADP experiments). Since ADP at high concentrations
dissociates specific kinesin-microtubule interactions, the
observed longer events presumably arise from nonspecific
sticking of the bead to the surface of the chamber or to a
microtubule. Therefore, events of duration>10 min were
excluded from the experimental bound-state lifetime distribu-
tions.
Steady-State AMP-PNP Pausing Experiments.The break-

down kinetics of the AMP-PNP-inhibited enzyme-micro-
tubule complex were measured under steady-state turnover
conditions by examining AMP-PNP-induced pauses in bead
movement along microtubules in the presence of a high
concentration of ATP. Video recordings of microscope
samples prepared in 1 mM ATP supplemented with various
concentrations of AMP-PNP were visually examined to
detect transient pauses in the movement along microtubules
of 130 enzyme-bead complexes. Only events that were both
preceded and followed by movement along the microtubule
were scored as pauses. For all detected pauses, the exact
pause length was determined using hardware and image
processing algorithms previously described (13). In brief,
the image processing techniques were used to determine with
nanometer-scale precision the (x, y) coordinates of the bead
position in each frame (33 ms duration) of the digitized video
recording. Bead positions were corrected for stage drift by
subtracting the coordinates of a bead stuck to the coverslip
surface in the same video field (13). Microtubule orientation
was determined, and measured positions were projected onto
the microtubule axis as described previously (14). Exact
pause lengths were determined from the resultant displace-
ment parallel to the microtubule axis vs time records using
a discrimination algorithm (see Appendix) and were binned
to construct pause length distribution histograms. Pauses
could not reliably be detected in a small number of bead
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records (6 of 130 total) that contained no significant time
intervals in which the bead moved at the velocity (∼750
nm s-1) observed in the absence of inhibitor; these records
were excluded from the analysis.
In control experiments with 1 mM ATP and no AMP-

PNP, pauses of duration greater than 0.23 s were detected
in none of 15 beads analyzed. Therefore, pauses of duration
>0.23 s detected in the experimental samples were due to
the presence of AMP-PNP. Some apparent pauses of
duration<0.23 s were detected in the control samples; these
presumably arise from experimental noise in the position
measurements. Therefore, pauses of duration less thantmin
) 0.23 s were excluded from the experimental pause length
distributions. In order to check that all pauses longer than
tmin were detected in the initial, visual screening of the video
recordings, a sample of eight moving bead records at 1 mM
ATP, 0.1-0.5 mM AMP-PNP that had no visible pauses
was analyzed by the image processing/pause discrimination
procedure. No pauses of duration>tmin were detected,
confirming the adequacy of the visual screening.
In both experimental samples containing ATP and AMP-

PNP and controls that contained ATP only, some beads that
appeared bound to microtubules never visibly moved during
the experiments (duration 10-30 min). Control and experi-
mental samples contained similar numbers of these nonmotile
beads (∼3 per∼420µm2 microscope field), demonstrating
that the nonmotile behavior is not induced by AMP-PNP.
We attribute the nonmotile beads to the presence of some
inactive enzyme molecules and/or to nonspecific binding of
some beads to the microtubule or coverslip surface; data from
this population of beads were therefore excluded from the
statistical analysis of pause lifetimes.
Analysis of EVent Distribution Data. To determine kinetic

constants from the experimentally observed distributions of
binding event lifetimes (equilibrium binding experiments)
or pause lifetimes (steady-state pausing experiments), the
Levenberg-Marquardt nonlinear least-squares algorithm was
used to fit the binned lifetime distributions to

(a scaled exponential probability distribution function;45),
whereni is the number of events in theith bin, wi is the
width of theith bin,N is the total number of observed events
included in the distribution,tmin is the minimum event length
included in the distribution,ti is the event duration corre-
sponding to the center of theith bin, andτ is the time
constant, which is the only fit parameter. First-order rate
constants were calculated by taking the reciprocal of the fit
value ofτ.

RESULTS

Dissociation of the Kinesin-Microtubule Complex at
Limiting Concentrations of ADP. In the absence of nucle-
otides, kinesin binds microtubules tightly. The addition of
ADP releases kinesin from the microtubule, yielding free
enzyme with 2 mol of ADP bound per mole of two-headed
enzyme. To investigate the properties of isolated kinesin
molecules bound to microtubules, we measured the dissocia-
tion kinetics of bead-labeled enzyme molecules from surface-
immobilized microtubules. The bead-enzyme complexes
were constructed so that almost all beads will attach to

microtubules through only a single enzyme molecule (see
Materials and Methods). Bead-enzyme complexes were
first allowed to bind in the absence of added nucleotide to
microtubules adsorbed to a glass coverslip. Examination of
the coverslip surface by video differential interference
contrast microscopy showed extensive binding of the beads
to microtubules, as well as some (presumably nonspecific;
see Materials and Methods) binding of beads to the surface
(Figure 1A). Replacement of the solution bathing the surface
with an identical solution supplemented with a low concen-
tration (0.10-0.50µM) of ADP induced slow release of the
enzyme-bead complexes from the surface. After 30 min,
many beads associated with microtubules had released from
the surface (Figure 1B). Bead release had exponential
reaction progress curves (Figure 1C), and the first-order
release rate constants derived from such curves were
proportional to the ADP concentration (Figure 1D), yielding
an apparent second-order rate constantkADP ) 1.2 × 104

M-1 s-1. This rate constant will in general be smaller than
the true rate constant for the bimolecular association of ADP
with the bead-enzyme-microtubule complex because only
a fraction of ADP binding events will result in observable
dissociation of the bead-enzyme complex from the micro-
tubule (see Discussion).
The preceding experiment measured the dissociation

kinetics of enzyme-microtubule complexes formed in the
absence of nucleotide and aged for∼5 min before the
addition of ADP to initiate dissociation. However, the
enzyme-microtubule complexes formed during this pro-
longed incubation may differ from those formed transiently
during enzymatic turnover. Hackney (32) demonstrated that
a dimeric kinesin construct displayed biphasic ADP release
when mixed with microtubulessapproximately half of the
ADP was released within the mixing time (∼2 s), but
additional ADP was released over several minutes in a
reaction too slow to be part of the catalytic cycle. To
determine the dissociation kinetics of enzyme-microtubule
complexes immediately after their formation, we directly
observed the lifetimes of individual binding events between
enzyme-bead conjugates and microtubules under conditions
of macroscopic chemical equilibrium. In the presence of
1.6 µM ADP, the binding event lifetime distribution is
exponential (Figure 2), the result expected when the bound
state consists of only a single chemical species (46). The
distribution decays with a rate constant of 0.019 s-1, which
agrees within experimental error to the value predicted by
the kADP (1.2 × 104 M-1 s-1) calculated from the data of
Figure 1D. This experiment demonstrates that complexes
which dissociate shortly after formation display the same
release kinetics as those that are aged for several minutes.
Taken together, the kinetic measurements on ADP-induced
dissociation of the bead-enzyme-microtubule complex are
consistent with a simple mechanism in which the complex
exists predominantly as a single chemical species, the binding
to which of a single ADP per enzyme is sufficient to induce
subsequent rapid release of the enzyme from the microtubule.
The results exclude models in which two ADP molecules
are required for release under the experimental conditions
used (see Discussion).
Motility of Single Enzyme Molecules in the Presence of

AMP-PNP and ATP. To characterize the kinetic properties
of the stable enzyme-microtubule complex formed in the

ni/wi ) (N/τ) exp[(tmin - ti)/τ]
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presence of the inhibitor AMP-PNP, we first examined under
steady-state conditions beads moved along microtubules by
single kinesin molecules in the simultaneous presence of
AMP-PNP and ATP. Bead movement was studied using
an image processing technique that allowed us to measure
bead position with nanometer-scale precision with a time
resolution of∼30 Hz (13). In control experiments containing
1 mM ATP only, beads are seen to move continuously along
microtubules: interruptions or pauses in movement with
duration >0.23 s are rarely observed (Figure 3A; see
Materials and Methods). When AMP-PNP is added, a new
behavior is observed: the enzyme-bead conjugates move
along microtubules at approximately constant velocity, then
abruptly cease moving (“pause”) for up to several seconds,
and then resume constant-velocity movement. Although
65% of pauses occurred in isolation (Figure 3B), we also
sometimes observed a series of pauses separated by only brief
intervals of movement. Figure 3C shows the longest
recorded example of such a series; the average number of
pauses per series over all data records was 2.2. Analysis of
a sample of movements occurring in the time intervals
between pauses demonstrated that the mean velocity in these
intervals [660( 48 (SD) nm s-1] is similar to the velocity
observed in the absence of AMP-PNP (752( 57 nm s-1).
In contrast, the number of observed pauses increases as the
AMP-PNP concentration is increased from 0.05 to 0.5 mM.
These results suggest that induction of the lengthy pauses
observed here is the primary means by which AMP-PNP
inhibits the movement of single kinesin molecules.
Enzyme molecules exiting a pause could recommence

movement along the microtubule at the location at which
they stopped moving. Alternatively, the enzyme might
detach from the microtubule, diffuse through the solution,
and then in some fraction of events resume movement by
binding at a new location. The latter mechanism would be
expected to result in backward movement at the end of
approximately half of the pauses after which movement was
successfully resumed. In fact, backward movements>20
nm were seen at the end of only 3 of 58 pauses analyzed.
Similarly, displacements perpendicular to the microtubule
axis large enough to demonstrate that the enzyme had
switched from one microtubule protofilament to another (13-

FIGURE1: Release from microtubules of bead-labeled single K448-
BIO molecules induced by low concentrations of ADP. (A, B)
Images taken by video-enhanced differential interference con-
trast light microscopy of microtubules adsorbed to a glass sur-
face and then decorated with bead-labeled kinesin molecules.
The images shown are of the same field<0.5 min (A) or 30 min
(B) after addition of 3.5× 10-7 M ADP. On the designated
microtubule (arrows), an isolated single bead (open triangle)
released from the microtubule during this time interval while
other beads (filled triangles) remained bound. Beads also released
from other microtubules shown in the field. Scale bar: 1µm. (C)
Total number of beads released from microtubules at a given time
after addition of 1.0× 10-7 M (b) or 3.5× 10-7 M (9) ADP.
Solid lines show exponential fits with apparent first-order rate
constants of 1.3× 10-3 s-1 and 4.1× 10-3 s-1, respectively. (D)
Apparent first-order rate constants as a function of ADP concentra-
tion (b). Error bars are standard errors; error bars are not shown
where bars are smaller than the diameter of the point. The second-
order rate constant derived from the slope of fit line is 1.20× 104
M-1 s-1 .

FIGURE 2: Observed microtubule-bound state durations for bead-
labeled single K448-BIO molecules in the presence of immobilized
microtubules at 1.6µM ADP. The duration of each observed
transient binding event was measured (see Materials and Methods);
the graph is a histogram of event durations with the vertical axis
scaled by the histogram bin width. Durations from 88 independent
binding events are shown; the mean is 71( 10 (SE) s. Data were
fit to a scaled exponential probability distribution function (s) with
a first-order rate constant for exiting the microtubule-bound state
of 0.019( 0.001 s-1.
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16) also were rarely observed. Taken together, these results
suggest either that dissociation from the microtubule rarely
occurs at the end of the pause or that such dissociations must
typically be briefer than the∼4 µs required on average for
the bead complex to diffuse 4 nm to the closest binding site
on the adjacent microtubule protofilament (calculated from
the Stokes law diffusion coefficient of the 109 nm diameter
bead, 3.9× 10-8 cm2 s-1). To confirm that little or no
enzyme-microtubule dissociation occurs from the AMP-
PNP-induced pause state, we compared the distance moved
by enzyme-bead complexes in the presence and absence of
AMP-PNP. The average value of this “run distance” over a
sample (N ) 10) of bead movements in 1 mM ATP [2.3(
0.7 (SE)µm] was essentially identical to that obtained in 1
mM ATP, 0.25 mM AMP-PNP (2.2( 0.6µm), demonstrat-
ing that no significant increase in the enzyme-microtubule
dissociation rate is induced by the inhibitor.

To examine the kinetics of exit from the paused state, we
measured the distributions of pause durations at AMP-PNP
concentrations from 0.05 to 0.5 mM in the presence of
constant 1 mM ATP. In all cases, the distributions were
exponential (for example, Figure 4A), consistent with a
mechanism in which the paused state is a single chemical
species. One possible interpretation of the observations is
that the rate of exit from the pause is limited by slow
dissociation of AMP-PNP from the enzyme. Consistent
with this model, the time constants of the pause duration
distributions are independent of AMP-PNP concentration
(Figure 4B). The average time constant is 0.48 s, which
corresponds to a rate constant for exiting the pause state of
2.1 s-1.
ADP-Induced Dissociation of the AMP-PNP-Enzyme-

Microtubule Complex.As an alternative way to characterize
the breakdown rate of the AMP-PNP-enzyme complex
bound to the microtubule, we also measured the bound
complex lifetime at equilibrium in the presence of 0.5 mM
AMP-PNP and 1 mM ADP. Control experiments with 1
mM ADP only showed essentially no binding of the
enzyme-bead conjugates to microtubules (see Materials and
Methods). In contrast, frequent, transient association of the
enzyme-bead complexes with microtubules was observed

FIGURE 3: Movement of bead-labeled single K448-BIO molecules
on immobilized microtubules. Graphs show bead displacement
parallel to the microtubule axis as a function of time. Samples
contained 50 mM imidazole chloride, 50 mM KCl, 2 mM EGTA,
4 mM MgCl2, 20 µM taxol, and 0.1 mg mL-1 bovine serum
albumin, pH 6.7, supplemented with either 1 mM ATP (A) or 1
mM ATP and 0.5 mM AMP-PNP (B and C). Note pauses in bead
movement in traces B (bracket) and C. Inset: Expansion of trace
C in the 7-24 s interval showing multiple short pauses.

FIGURE 4: Pause durations for bead-labeled single enzyme mol-
ecules moving on microtubules in the presence of ATP and AMP-
PNP. (A) Histogram of 82 pause durations measured in 1 mM ATP,
0.25 mM AMP-PNP with the vertical axis scaled by the histogram
bin width (b). Data were fit to a scaled exponential probability
distribution function with time constant 0.52( 0.02 s (s). (B)
Paused state time constants for enzyme movement in the presence
of 1 mM ATP and 0.05, 0.1, 0.25, or 0.5 mM AMP-PNP (b),
determined from measurements onN) 70, 79, 82 (from A), or 60
pauses, respectively. The mean of the data is 0.48 s (s).
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when AMP-PNP was added along with the ADP. As
expected, no movement of the enzyme-bead complexes
along the microtubule is observed under these conditions.
The measured distribution of the durations of bead-
microtubule associations is well fit by a scaled exponential
lifetime distribution (Figure 5), again consistent with a
microtubule-bound state made up of a single chemical
species. The apparent time constant for exiting the micro-
tubule-bound state is 0.41 s, corresponding to a dissociation
rate constant of 2.4 s-1. The similarity of this rate constant
to the rate constant for exiting the AMP-PNP-induced pause
state in the motility experiments suggests that exit from the
pause and release of the bound state share a common, rate-
limiting step (such as dissociation of AMP-PNP) which
results in relief of AMP-PNP inhibition.

DISCUSSION

Microscopic Kinetics.Previous studies used macroscopic
(i.e., population averaging) methods, such as light scattering
and fluorescence, to analyze the binding and release kinetics
of motor enzyme molecules to cytoskeletal filaments. The
microscopic (i.e., single-molecule) approach employed here
is a useful adjunct to these traditional methods. Macroscopic
experiments are frequently performed at high fractional
saturation of the filament with enzyme. Under such crowded-
binding conditions, adjacent bound enzyme molecules may
interact, in which case the observed dissociation kinetics will
not be a true reflection of the properties of single enzyme-
filament binding. This can be true even at low fractional
saturation if enzyme binding is strongly positively coopera-
tive. (The extent of cooperativity in kinesin-microtubule
binding has not been reported.) Studies that examined the
movementin Vitro of bead-labeled single kinesin molecules
with nanometer-scale precision have provided the most
detailed information about the mechanical aspects of the
kinesin catalytic cycle (9-12, 41). Fuller understanding of
kinesin chemomechanical coupling is facilitated by studies
which, like those reported here, examine microtubule binding
of bead-labeled single molecules, thereby eliminating the

possibility that measured release rate constants will differ
from those relevant to the motility experiments because of
intermolecular interactions between bound enzyme molecules
or because the bead slows diffusion of the released enzyme
molecule. Bead attachment also makes the diffusion proper-
ties of the complex more similar to thosein ViVo, where
functioning kinesin molecules are attached to membrane-
bounded organelles. Higuchiet al. (47) recently used a
related approach to study the kinetics of force generation
by bead-labeled single kinesin molecules.
The time resolution of the microscopic kinetics method

for studying enzyme release from microtubules is limited
by the average time required for a released bead to diffuse
out of the resolution volume of the microscope,∼190 ms
under the conditions used here (see Materials and Methods).
This is considerably poorer than the time resolution of
macroscopic stopped-flow spectrophotometry instruments,
which is typically on the order of 1 ms. However, the time
resolution of the microscopic experiment could be improved
considerably by using fluorescence microscopy with smaller
beads or free dye-labeled enzyme molecules (19); the latter
would be expected to have diffusional exit times of∼0.2
ms.
Dissociation of the Bead-Kinesin-Microtubule Complex

by ADP. Measurements of the dissociation kinetics of the
bead-kinesin-microtubule complex in the presence of
subsaturating ADP concentrations by two different methods
(Figures 1 and 2) are consistent with a simple mechanism
(Scheme 1) in which there is a single species of enzyme-
microtubule complex and this species requires binding of
only a single ADP molecule per enzyme dimer to induce
enzyme-microtubule dissociation.

In Scheme 1, K represents a dimeric kinesin molecule and
MT is a microtubule. Our observations imply that ADP
binding with an apparent second-order rate constantkADP )
k-1 ) 1.2 × 104 M-1 s-1 limits the rate of the combined
ADP binding and bead-kinesin release reactions at the low
ADP concentrations used here. This rate constant is
considerably slower than second-order rate constants for
nucleotide binding to kinesin [g1.1 × 106 M-1 s-1 for
MANT-ADP binding to microtubule-bound dimeric human
kinesin derivative K379, for example (48)]. This suggests
that the kinesin-microtubule-ADP complex partitions
between competing reactions that release ADP or release the
microtubule, with the large majority doing the former. Jiang
and Hackney (26) measured the rate constant for ADP-
induced dissociation of the monomeric DHK357-microtu-
bule complex in solution to be 4.1× 105 M-1 s-1, over 30-
fold faster than we observe. While some of this discrepancy
might be ascribed to differences between the interactions of
monomeric or dimeric constructs with the microtubule (25,
30) or different experimental conditions, most undoubtedly
arises from the reduced rotational and translational diffusion
rates of the bead-bound kinesin molecules and immobilized
microtubules in our experiments. Lowering the diffusion
rates increases the probability that thermally severed non-
covalent interactions between kinesin and the microtubule

FIGURE 5: Microtubule-bound state duration distribution for bead-
labeled single enzyme molecules in 1 mM ADP and 0.5 mM AMP-
PNP (b). The graph is a histogram of the durations of 82 binding
events, with the vertical axis scaled by the histogram bin width.
Histogram bins for durations between 12 and 30 s had number/bin
widths less than 0.3 s-1 and are not shown. Data were fit to a scaled
exponential probability distribution function with time constant 0.41
( 0.04 s (s).

Scheme 1

MT‚K‚ADP+ ADP {\}
k-1

k1
MT + K‚ADP2
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will re-form before the partners can diffuse away from each
other, thus decreasing the fraction of ADP binding events
that lead to observable kinesin-microtubule dissociation. [An
analogous effect of diffusion was previously proposed to
explain the differences in dissociation rates observed in
various motility assays under steady-state turnover conditions
(18, 19).] The discrepancy between the kinetics observed
with free and bead-labeled molecules underscores the
importance of performing measurements of reaction kinetics
under physical conditions identical to those used in motility
assays if the rate constants from the former are to be used
to interpret the mechanisms of movements observed in the
latter.
As a kinesin dimer has two active sites, it is also reasonable

to consider the mechanism in which consecutive binding of
two ADP molecules is required to dissociate the kinesin-
microtubule complex (Scheme 2).

In general, Scheme 2 predicts a quadratic dependence of
the rate of kinesin-microtubule dissociation on ADP con-
centration whereas the data of Figure 1D show a linear
dependence. To test whether there are any conditions under
which Scheme 2 is consistent with the experimental data,
we used kinetic simulations (not shown) to examine sys-
tematically the behavior of the mechanism for different
values ofk-1, k4, andk-4. (There is no need to consider a
nonzerok1 since binding of free kinesin to the microtubules
is detected directly in the single-molecule experiments
reported here and thus does not reduce the measured
dissociation rates as in the case of a macroscopic experiment.)
The combination of transient state and equilibrium micro-
scopic kinetics studies reported here serves as a stringent
test of Scheme 2 because the initial microtubule-bound
species formed in the two types of experiments would be
different (MT‚K in the former, MT‚K‚ADP in the latter).
The simulation results demonstrate that Scheme 2 is incon-
sistent with the experimental data (Figures 1 and 2) for nearly
all values of the rate constants, assuming thatk-4 andk-1

aree1.1 × 106 M-1 s-1 (48). This includes cases where
k-4 . k-1 or k-1 . k4 because such values cannot
simultaneously satisfy the constraints imposed by both the
equilibrium and transient-state data. The only cases in which
Scheme 2 is not excluded by the experimental data are those
for which k-4/k4 is so large (.107 M-1) that there would be
no significant population of MT‚K even at the lowest ADP
(,50 nM) concentrations used in the experiments. Thus,
the data suggest that only a single ADP molecule is required
to dissociate kinesin-microtubule complexes, with the
possible exception of complexes formed under conditions
in which free ADP has been reduced to extremely low
(nanomolar) concentrations.
The conclusion that only a single ADP molecule is

required to release bound kinesin from microtubules is
consistent with previous studies of the structure and bio-
chemistry of kinesin-microtubule complexes. Electron

microscopy on microtubules decorated with dimeric kinesin
derivatives reveals that only one of the two heads contacts
the microtubule (34, 35), suggesting that ADP binding to
the bound head is likely to be sufficient to induce release.
Only one of the two bound ADP molecules was rapidly
released upon binding of a dimeric kinesin construct to
microtubules (25, 31, 32), suggesting that only one of the
two heads interacts strongly with the microtubule and releases
ADP, while the other head retains its bound nucleotide
(Figure 6B). Consistent with our results, such a structure
would have only one vacant nucleotide binding site and thus
requires only a single ADP to dissociate (Figure 6, reaction
-1). It is possible that the head that retains bound ADP
interacts weakly or transiently with the microtubule (25, 30).
Such a model is consistent with our results providing that
weak head binding does not substantially limit release
kinetics under the conditions studied here.
Previous studies do not exclude the possibility that a two-

head-bound state (e.g., that shown in Figure 6E) is slowly
formed upon prolonged incubation of kinesin with micro-
tubules. Steric interactions between adjacent kinesin mol-
ecules might preclude formation of such a species when
microtubules are densely packed with kinesin, as in the
electron microscopy studies. Some measurements of mi-
crotubule-induced ADP release (32) showed evidence of slow
release of the remaining ADP following the initial rapid
release of 1 mol of ADP per mole of enzyme dimer.
However, our studies show that even slow formation of a
species that subsequently requires two ADP molecules for
release is unlikely. Kinesin-microtubule complexes formed
only briefly in the equilibrium experiment (Figure 2) show
identical release kinetics to those subjected to a lengthy
preincubation prior to the transient-state release experi-
ment (Figure 1). Thus, formation of a two-head-bound
species like that shown in Figure 6E is unlikely under our
experimental conditions. We speculate that the slow phase
of ADP release observed previously might instead be due
to transient detachment of the one-head-bound kinesin
dimer (Figure 6B) from the microtubule followed by binding
to the microtubule of the head that still retains ADP. This
would produce a structure (not shown in Figure 6) with
one bound head but no nucleotide which would be expected
to display release kinetics similar to the species shown in
Figure 6B.
Inhibition of Kinesin MoVement by AMP-PNP.Previous

quantitative studies of AMP-PNP inhibition of kinesin
movement are difficult to interpret mechanistically because
they examined only movements induced by multiple kinesin
molecules (28). Our observation of a monoexponential
lifetime distribution for AMP-PNP-induced pauses in the
motility of single kinesin molecules is consistent with the
formation of a single inhibited enzyme species. While AMP-
PNP could in principle bind at any point in the catalytic cycle
at which at least one of the two active sites is unoccupied,
we propose in Figure 6 a minimal mechanism in which
AMP-PNP competes with ATP for binding to the enzyme
species (Figure 6B) thought to be the starting point for
productive ATP hydrolysis. Such a model is consistent with
the observed pause durations if AMP-PNP release controls
the rate of exit from a pause [k-2 ) ∼2 s-1, the reciprocal
of the measured pause lifetime; in contrast,k3 [ATP] is by
definition equal to or faster than thekcat of 38 s-1 (12) at

Scheme 2

MT‚K + ADP {\}
k-4

k4
MT‚K‚ADP

MT‚K‚ADP+ ADP {\}
k-1

k1
MT + K‚ADP2
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saturating ATP concentrations]. It is also consistent with
the observed invariance of pause durations with respect to
changes in AMP-PNP concentration. This is because the
data require thatk3 must be significantly greater thank2
(Figure 6), since many ATPase turnovers occur for each
AMP-PNP-induced pause when AMP-PNP and ATP are
present at similar concentrations. For example, in the
experiments in 1 mM ATP, 0.25 mM AMP-PNP, enzyme-
bead complexes moved a total distance of∼360 µm,
corresponding to∼4.6× 104 8-nm steps, but paused only
∼1.2 × 102 times. (The latter number includes the 82
observed pauses plus 41 additional pauses estimated from
the fit curve in Figure 4 to have occurred with durations
shorter than the experimental detection limit of 0.23 s.)k3/
k2 must therefore be at least 93, demonstrating that AMP-
PNP is only a poor kinetic competitor for ATP binding to
the rigor enzyme-microtubule complex. The value given
is only a lower limit for k3/k2 since not all ATP binding
events result in turnover in the general case wherek-3 (Figure
6) may be nonzero.
In the proposed model, the species formed upon AMP-

PNP dissociation (Figure 6B) is identical to that (discussed
earlier) which can be released from the microtubule by
binding a single ADP molecule. Thus, the model is

consistent with the observation that the lifetime of the
microtubule-bound state in the presence of 1 mM ADP, 0.5
mM AMP-PNP (Figure 5) is identical to the lifetime of the
paused state observed in the presence of various concentra-
tions of AMP-PNP and saturating (1 mM) ATP (Figure 4),
as long as the rate of the former process is also limited by
the rate of AMP-PNP release (k-2 ) ∼2 s-1). The apparent
rate constant measured for release of bound kinesin induced
by micromolar concentrations of ADP (kADP ) k-1 ) 1.2×
104 M-1 s-1) is consistent with this requirement, as it predicts
that release of the species in Figure 6B can occur at a rate
of up to 12 s-1 at 1 mM ADP. Thus, the model of Figure
6 is consistent with all experimental data. However, it should
be noted that the data do not exclude certain more complex
models, such as ones in which two AMP-PNP molecules
are bound by the kinesin-microtubule complex and/or ones
in which AMP-PNP binding induces the formation of a two-
head-bound state.
The dissociation of AMP-PNP from the enzyme-micro-

tubule complex with the measured rate constantk-2 ) ∼2
s-1 converts one microtubule-bound state of the enzyme
(Figure 6D) to another (Figure 6B). Therefore, the value of
k-2, in contrast to that ofk-1, is expected to be indepen-
dent of the diffusion coefficient of the enzyme. The value

FIGURE 6: Proposed mechanism of kinesin-microtubule interactions. D, ADP; T, ATP; N, AMP-PNP. The row of alternating white and
black circles represents theR andâ tubulin subunits of a microtubule protofilament. One head of the kinesin molecule is white and the
other is shaded gray for identification. A free kinesin molecule with an ADP bound to each head (A) binds to the microtubule to produce
a one-head-bound species (B) with concomitant release of one ADP molecule. Subsequent formation of a two-head-bound species (E) does
not occur in the absence of nucleoside triphosphates. However, in the presence of either AMP-PNP or ATP, the nucleotide binds to the
bound head, initially producing a one-head-bound species (D or C, respectively). In the ATP case, species C subsequently forms a two-
head-bound species (not shown) similar in structure to E; detachment of the white head from the microtubule then leads to species B*.
These reactions are accompanied by release of ADP from the gray head and by ATP hydrolysis and release of Pi by the white head. The
reaction path from B to B* represents a complete catalytic cycle of the microtubule-bound enzyme. The results presented are consistent
with the minimal mechanism shown, but they do not rule out formation of a two-head-bound species from species D in the presence of
AMP-PNP (ellipsis).

Release of Single Kinesin Molecules from Microtubules Biochemistry, Vol. 37, No. 2, 1998755



of k-2 reported here is thus applicable not only to experi-
ments with enzyme attached to slowly diffusing beads but
also to conventional biochemical studies with free enzyme
molecules.
Cohnet al. (28) reported continuous microtubule gliding

at submaximal velocities in assays with mixtures of ATP
and AMP-PNP. Our nanometer resolution measurements
suggest that these submaximal velocities were produced by
individual kinesin molecules alternating on a time scale much
slower than turnover between an inhibitor-free state that
moves along the microtubule at maximal velocity and an
inhibited state that does not move at all. In contrast to our
data showing that relief of AMP-PNP inhibition of K448-
BIO by millimolar concentrations of ADP or ATP occurs
within ∼2 s, Schnappet al. (49) observed that microtubules
bound to a surface coated with squid kinesin took 1-2 min
to resume movement after exposure to ATP. In that study,
the observed microtubule movements were driven by mul-
tiple kinesin molecules, and the slow kinetics may arise from
the fact that AMP-PNP release must occur from most or all
of these molecules before movement can be observed. It is
also possible that AMP-PNP, kinesin, and microtubules in
the absence of competing nucleotide form an unusually stable
complex that takes minutes to dissociate. This possibility
is not addressed by our experiments, all of which studied
AMP-PNP inhibition in the presence of millimolar concen-
trations of ATP or ADP.
Implications for the Kinesin Catalytic Cycle.The experi-

ments described here differ from previous studies of the
kinetics of kinesin interactions with nucleotides and micro-
tubules in that they were performed with isolated, single
kinesin molecules. Thus, the enzyme-microtubule com-
plexes studied here lack the possible kinesin-kinesin
interactions and steric constraints to kinesin-microtubule
interactions present in earlier studies. Nevertheless, the
results presented here are fully consistent with the alternating
site mechanisms for kinesin movement along microtubules
coupled to ATP hydrolysis that were stimulated by previous
solution kinetic studies. In particular, the conclusion that
only one molecule of ADP is required to dissociate the
kinesin-microtubule complex formed in the absence of ATP
provides a new independent line of evidence suggesting that
in such complexes only one of the kinesin heads is bound
to the microtubule (Figure 6B). The assumption that it is
this species which binds ATP and its analogs is consistent
with the AMP-PNP experiments, which suggest that pauses
are due to slow AMP-PNP release from a species (e.g., that
in Figure 6D) that is produced by binding of the inhibitor to
the species of Figure 6B. Catalytic turnover initiated by
binding of ATP to this same species (Figure 6, reaction 3)
would then proceed, presumably through an intermediate in
which both heads are transiently bound to the microtubule,
to a species (Figure 6B*) identical in structure to the starting
complex except that the two heads have swapped roles and
the enzyme has advanced one tubulin dimer along the
microtubule protofilament. This proposal is consistent with
the observed coupling of one 8 nm step to the hydrolysis of
each ATP molecule (11, 12). In such a catalytic cycle, both
heads of the enzyme are never simultaneously released from
the microtubule, leading to the processive movement and
protofilament tracking observed of intact kinesin and its
dimeric derivatives.
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APPENDIX: PAUSE DISCRIMINATION
ALGORITHM

Nanometer-scale motion analysis of kinesin-driven bead
movements produces records of the bead position projected
along the microtubule axis as a function of time (for example,
Figure 3). Reliable detection and objective measurement of
the durations of AMP-PNP-induced pauses in bead move-
ment were accomplished using the following algorithm: Data
records were smoothed using a three-point mean filter, and
the time derivative of the smoothed data was calculated. The
derivative typically had a bimodal distribution with points
near 750 nm s-1 (the average bead velocity observed in the
absence of AMP-PNP) during intervals of bead movement
and points near 0 nm s-1 during pauses. A two-threshold
procedure was applied to the derivative data to detect and
measure pauses; upper and lower thresholds were 400 and
150 nm s-1. Any contiguous set of points that contained no
points above the upper threshold, but was immediately
preceded and followed by points above the upper threshold,
was deemed to be a pause. The pause length was calculated
as i(l + m/2), wherei is the time interval between points
andl andmare the number of points within the pause below
and above, respectively, the lower threshold.
To verify that the pause discrimination algorithm reliably

detected pauses and accurately measured their lengths, we
applied the algorithm to simulated data records containing
pauses of known lengths. Each simulated data set contained
100 pauses of equal lengths separated by intervals of
movement at a constant velocity of 700 nm s-1; the duration
of the movement intervals was 1.5 times the pause length.
The effect of experimental noise was simulated by adding
to these data sets Gaussian-distributed noise with a standard
deviation of 6.91 nm, the root-mean-square noise in the
experimental data (which was measured as described below).
Application of the pause discrimination algorithm to the
simulated data sets demonstrated that 100% of pauses were
detected for pause lengths ranging from 0.23 s (the shortest
pauses included in the experimental data; see Materials and
Methods) to 1.98 s. Conversely, the algorithm found no
pauses of duration>0.23 s in control simulated data sets in
which no pauses were included. Comparison of the mean

FIGURE 7: Performance of the pause discrimination algorithm on
simulated data (b). The graph shows the known pause lengths used
in the simulations (“simulated pause length”) plotted against the
mean length of the pauses as measured by the discrimination
algorithm (“calculated mean pause length”) for six simulated data
records.
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pause lengths measured by the algorithm to the actual lengths
of the pauses in the simulations showed that the algorithm
slightly underestimated the pause lengths (Figure 7). There-
fore, reported data derived from the algorithm were corrected
for this underestimate by applying the equation for the
calibration fit line shown in Figure 7.
The root-mean-square noise in the experimental data was

estimated in five bead displacement records from samples
containing 1 mM ATP and no AMP-PNP. Each record was
fit to a line, and the residual (the difference between the fit
line and the experimental data),Vi, was calculated for each
point in the record. The root-mean-square noise was then
calculated (50) as

whereN is the total number of points in the record. The
magnitude of the root-mean-square noise used in the simula-
tions (6.91 nm) was the median of the values determined
from the five data records analyzed.
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