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Kinesin is a two-headed, ATP-driven motor protein that moves
processively along microtubules in discrete steps of 8 nm, prob-
ably by advancing each of its heads alternately in sequence1±4.
Molecular details of how the chemical energy stored in ATP is
coupled to mechanical displacement remain obscure. To shed
light on this question, a force clamp was constructed, based on a
feedback-driven optical trap capable of maintaining constant
loads on single kinesin motors5. The instrument provides
unprecedented resolution of molecular motion and permits

mechanochemical studies under controlled external loads.
Analysis of records of kinesin motion under variable ATP con-
centrations and loads revealed several new features. First, kinesin
stepping appears to be tightly coupled to ATP hydrolysis over a
wide range of forces, with a single hydrolysis per 8-nm mechanical
advance. Second, the kinesin stall force depends on the ATP
concentration. Third, increased loads reduce the maximum velo-
city as expected, but also raise the apparent Michaelis±Menten
constant. The kinesin cycle therefore contains at least one load-
dependent transition affecting the rate at which ATP molecules
bind and subsequently commit to hydrolysis. It is likely that at
least one other load-dependent rate exists, affecting turnover
number. Together, these ®ndings will necessitate revisions to
our understanding of how kinesin motors function.

The mechanochemical coupling ratio relates the number of ATP
molecules hydrolysed to the distance travelled during a single
enzymatic cycle. Determination of this ratio over a range of loads
sheds light on the mechanism for movement, and has been
considered one of the most pressing challenges in the motility
®eld1. However, for the microtubule-based molecular motor kine-
sin, the task is by no means straightforward. Direct comparisons
between solution ATPase measurements and motility in vitro are
only feasible in the absence of external loads, as these cannot be
applied in bulk solution. Single-molecule ¯uorescence methods,
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Figure 1 Operation of the force clamp. a, Sample record from the force clamp,

showing kinesin-driven bead movement and corresponding optical trap

displacement (2mM ATP). Discrete steps of 8 nm are readily apparent. Inset,

schematic representation of the motility assay used, showing the experimental

geometry (not to scale). The separation between bead and trap was nominally

®xed at Dx � 175 nm. Bead position was sampled at 20 kHz, ®ltered with a 12-ms

boxcar window for the feedback on the trap de¯ection, and saved un®ltered at

2.0 kHz. b, The measured bead±trap separation, Dx, for the record in a. c,

Histogram of the displacements in b, converted to force by multiplying by the

trap stiffness (0.037pNnm-1). Solid red line is gaussian ®t to these data, yielding a

load of 6:5 6 0:1pN (mean 6 s:d:).
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which have been used to correlate motor movement with nucleotide
binding and release in the actomyosin system6,7, have proved
dif®cult to realize with kinesin because it has a lower af®nity for
ATP: concentrations of ¯uorescent ATP analogues sparse enough to
detect as single ¯uorophores yield negligible rates of movement.
Coupling ratios may also be inferred from an analysis of ¯uctua-
tions in displacement records of single molecules, but this approach
requires continuous records over comparatively large distances
under invariant loads8,9. Such records are hard to obtain using
either conventional laser-based optical traps10±12 or microneedles13,
where loads change continually as motors progress.

We solved the latter dif®culty by developing an optical force
clamp that can record displacements of single kinesin molecules
over hundreds of nanometres while maintaining the average load to
within a fraction of a piconewton5 (Fig. 1). In the assay, a kinesin
molecule adsorbed to a silica bead (0.5 mm in diameter) moves
processively along an immobilized microtubule3 while an optical
trap follows its motion (Fig. 1a). Bead movement is monitored with
subnanometre resolution by a quadrant photodiode, which detects
scattered light from a ®bre-coupled HeNe laser source14. Because
force on the bead is proportional to its displacement from the trap
centre15, load can be maintained by a servo system that dynamically
adjusts this separation to some preset value, using digital feedback
to control acousto-optical de¯ectors which move the trap position
as required (Fig. 1b, c). In contrast to other feedback-enhanced
optical traps developed for isometric force measurements16±18, a
force clamp is particularly suited to isotonic displacement
measurements5. A further bene®t of a force clamp is that, unlike
other optical trapping systems, displacement data do not require
corrections for the series elastic compliance between the bead and
motor, hitherto a source of experimental uncertainty amounting to
20% or more3,5. Force clamps therefore provide exceptionally clear
molecular records, and individual 8-nm steps can be readily
visualized at kilohertz bandwidths, even for high ATP levels
(Fig. 1a).

We ®rst used this system to study kinesin velocity as a function of
ATP concentration at ®xed load. For negligible loads, the velocity, v,
obeys Michaelis±Menten kinetics, v � Vmax�ATP�=��ATP� � Km�,
in both microtubule gliding4 and bead-based8,9 assays. The max-
imum velocity at saturating ATP levels, Vmax, is expected to fall with
increased load, but how will the apparent Michaelis±Menten
constant, Km, changeÐif at all? Alternative coupling schemes
supply different predictions. Simple loosely coupled models10 pos-
tulate a maximum hydrolysis rate, kcat, that is independent of the
applied force, F, with a load-dependent coupling ef®ciency, e(F),
between ATP hydrolysis and mechanical stepping (with
V max � e�F�dkcat; d � 8 nm). In practice, the coupling ratio has
been shown to be independent of ATP concentration and 1:1 at
negligible loads8,9; that is, there is one hydrolysis for every 8 nm
advance. Because neither kcat nor kb, the effective rate of ATP
binding (de®ned as kb � kcat=Km), depends on load in these
models, it follows that Km � kcat=kb must be load-invariant10,19. In
contrast, simple tightly coupled models incorporate a single
mechanically sensitive rate that affects kcat but leaves e and kb

unchanged. Under increased load, kcat slows, reducing both Km

and Vmax.
Experimentally, high loads reduced Vmax as anticipated. Surpris-

ingly, however, they also raised Km (Fig. 2), a phenomenon that is
inconsistent with either simple model. At the lowest load tested
(1:05 6 0:01 pN), Vmax was 813 6 28 nm s 2 1 and Km was
88 6 7 mM, comparable to values obtained previously for negligible
loads4,8,9. At moderate loads (3:59 6 0:03 pN), Vmax dropped to
715 6 19 nm s 2 1 while Km rose to 140 6 6 mM. At the highest load
tested (5:63 6 0:06 pN), Vmax dropped further to 404 6 32 nm s 2 1,
while Km rose to 312 6 49 mM. Because Km � kcat=kb, any increase in
KmÐgiven the drop in VmaxÐimplies that kb decreases substan-
tially with increased load. Thus, the application of load has two

important effects on the kinesin cycle: it lowers the maximal
stepping rate, and it also lowers the effective rate of ATP binding.

What causes the effective binding rate to decline under load? For a
generalized ATPase pathway involving N intermediate states
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there are at least three possible mechanisms. The ®rst is that kb falls
because the second-order ATP binding rate, kon, is reduced by load.
The second is that kb falls because of an increase in the ATP
unbinding rate, koff. In either event, the observed drop in Vmax

must arise from some other transition because, for pathways with an
irreversible step, such as the kinesin cycle20, neither kon nor koff

affects either kcat or e. The third possible mechanism is somewhat
more subtle, and involves a reduction in the rate following binding,
k2. When k2 falls, the ATP af®nity (kon/koff) is unaffected, but a
greater fraction of ATP molecules will unbind before hydrolysis,
reducing the effective binding rate (the rate at which ATP molecules
are committed to the remainder of the hydrolysis pathway). Because
k2 also affects kcat, lowering k2 alone could reduce kcat and raise Km

simultaneously, but only if koff were suf®ciently fast. (More gen-
erally, a change in one or more reversible transitions subsequent to
ATP binding but before the ®rst irreversible transition could
produce a similar effect, given suf®ciently fast reverse rates.) The
nearly fourfold increase found for Km accompanying a drop in speed
by a factor of two would require a koff of not less than 650 s-1, which
is signi®cantly faster than ATP unbinding rates of 50±200 s-1

reported in solution studies21,22. However, the latter estimates were
determined indirectly and were subject to simplifying assumptions,
so their experimental uncertainties remain fairly large. A k2-based
mechanism therefore ought not be excluded solely on this basis.
Notwithstanding, the interpretation we favour is that the contrary
behaviour of Vmax and Km derives from two independent, mechani-
cally sensitive rates, one of which affects ATP binding through kon

and/or koff.
Regardless of the candidate mechanism, the two effects of load on

the mechanochemical pathway imply that kinesin force±velocity
curves should display different shapes for different ATP concentra-
tions. However, this inference appears to be at odds with several
previous studies of force and velocity using either ®xed optical
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traps10±12 or microneedles13, all of which reported nearly linear
decreases in velocity with increased load, for both limiting and
saturating ATP concentrations. In fact, such linear force±velocity
relations formed the basis of an argument for a load-independent
Km (refs 10, 19) which supported a simple, loosely coupled picture10.
However, the earlier studies lacked the improved resolution
afforded by the force clamp, and subtle differences in shape were
not distinguished within experimental error. Data from all previous
studies consistently showed a lower stall force at limiting ATP than
at saturating ATP, although the difference in force was insuf®cient in
any given experiment to have been considered signi®cant. More-
over, a greater discrepancy (,1 pN) between the stall force at
limiting and saturating ATP was observed when the limiting
concentration of ATP was ,35-fold lower than the unloaded Km

(ref. 13), as compared to when limiting ATP values were only ,6-
fold lower (,0.5 pN, refs 10±12). We therefore measured velocity as
a function of load in the force clamp at both 2 mM and 5 mM ATP,
choosing the lower ATP level to be .17-fold below the unloaded Km

to highlight any potential differences.
Force±velocity curves obtained with the force clamp displayed

different shapes at limiting and saturating ATP levels (Fig. 3a), and
they also showed different stall forces. The 5-mM curve is nearly
linear, with a stall force of ,5.5 pN. In contrast, the 2-mM curve is
concave down, and supports a greater stall force of ,7.0 pN.
Strikingly, a 5-pN load leads to a ,40% decline in speed for
2 mM ATP, whereas at 5 mM ATP an identical load is suf®cient to

halt movement almost entirely. These results are consistent with a
role for load in lowering the effective rate of ATP binding. At
limiting ATP, kb becomes much lower than kcat, and therefore the
stall force becomes independent of the latter. However, at 2 mM
ATP, the stall force probably depends on both kb and kcat, as Km rises
beyond ,300 mM at loads of 7 pN or more. Although the stall force
may depend on additional factors at all ATP levels, stall forces are
expected to rise continuously from ,5.5 pN to ,7.0 pN as the ATP
concentration is raised.

To further test this supposition, we measured the ATP depen-
dence of kinesin stall force by two additional methods, using either
an optical position clamp or a ®xed trap. The position clamp17,
based on an optical trapping interferometer, is well suited to
isometric measurements of stall force16, and was used previously
to study force generation by individual RNA polymerase
molecules18. Position clamp measurements on single kinesin
motors gave stall forces that rose with ATP concentration, as
anticipated (Fig. 3b). An inherent problem encountered in these
experiments was the dramatic decline in kinesin processivity at
loads approaching stall12. Rapid detachment of beads from the
microtubule made the collection of a large data set prohibitive,
and accounted for much of the experimental scatter (Fig. 3b). To
con®rm the position clamp measurements, we also measured stall
forces using a ®xed optical trap. Kinesin-coated beads moving
outwards in a stationary trap experience increasing loads until
they arrive at a position where forward progress ceases: the ®nal
displacement, multiplied by the trap stiffness, supplies a measure of
the stall force12. Kinesin stall forces determined by this method
exhibit a similar increase with ATP concentration (Fig. 3b).

How is the kinesin ATPase pathway coupled to mechanical
movement under load? One possibility is that kinesin coupling is
tight, involving no futile hydrolysis events that fail to generate
movement, even under load (that is, e � 1). In this case, any changes
in the rates of load-dependent transitions must account entirely for
the observed decreases in velocity under load. However, more
complicated scenarios may be entertained. Although the rise in
Km with load eliminates the simpler versions of loose coupling,
mechanochemical coupling in kinesin might display an admixture
of both tight and loose elements, with load-dependent transitions
and unproductive hydrolyses conspiring jointly to lower the velo-
city. Another candidate mechanism for loose coupling involves an
increase in the frequency of 8-nm backwards steps10±12 with load.
However, the latter mechanism may be discounted because the
fraction of backwards steps found in this study (data not shown)
and by others remains only ,5±10% at both negligible8,11 and
substantial11,12 loads.

To study the coupling mechanism under load, we performed a
¯uctuation analysis23,24 of kinesin movement subjected to the force
clamp. Fluctuation analysis, which relies on the processive property
exhibited by some molecular motors, has been used previously to
study ATP coupling in kinesin near zero load8, as well as the duty
ratio of the bacterial rotary motor under torque25. Fluctuations in
displacement are quanti®ed by a randomness parameter, r, which
measures the temporal irregularity of mechanical advances. For an
ensemble of displacement records, x(t), r is de®ned by

r � lim
t!`

hx2�t�i 2 hx�t�i2

dhx�t�i
where d is the motor step size, and the angle brackets denote an
ensemble average23,24. A perfectly clocklike motor displays no step-
ping irregularity, and has r � 0, whereas a `Poisson' motor with one
biochemical transition moves at exponentially distributed intervals,
and has r � 1. In general, r-1 provides a continuous measure of the
number of rate-limiting transitions in the overall mechanochemical
cycle. Determinations of randomness are insensitive to thermal or
other stationary noise and can therefore be performed even when
individual steps are not resolved. When steps can be discerned amid
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noise, ¯uctuation analysis is more robust than a direct analysis of
stepping intervals, which suffers from the `missing event' problem23,
an inability to distinguish the shortest steps. However, r is affected
by phenomena that increase ¯uctuations at long time scales, such as
backwards steps, enzyme inactivations, or futile hydrolyses. All of
these can raise r, sometimes beyond unity8,23.

The determination of r for negligible loads at limiting ATP
veri®ed that mechanochemical coupling was 1:1 in this regime8.
Moreover, for minimal loads and saturating ATP, r was ,1

2
, which is

indicative of two ATP-independent, rate-limiting transitions per
step8,23. But how is the randomness affected by the application of an
external load? In the `tightly coupled' scenario, the coupling is load-
invariant by de®nition, so the ATP dependence of r must be
correspondingly invariant, at least out to forces where there are
still about two rate-limiting transitions. Tight coupling therefore
predicts r < 1

2
at saturating ATP, independent of load. In sharp

contrast, `loosely coupled' scenarios that invoke a decrease in
coupling ef®ciency10 lead to a randomness that rises with load, in
proportion to the concomitant decrease in velocity23. For such
mechanisms, values for r at saturating ATP should rise upwards

from 1
2

towards 1 as load increases. Other `loosely coupled' scenarios,
such as those involving an increase in the frequency of backwards
steps, should cause r to rise still more sharply. Coupling behaviour
can therefore be studied by determining r as a function of load at
saturating ATP levels. Nevertheless, at suf®ciently high loads, even
nominally tightly coupled schemes may lead to r < 1 at saturating
ATP: this occurs for such high loads that the possibility for two rate-
limiting transitions ultimately breaks down, as one or the other
mechanically sensitive rate slows to become the sole determinant
of velocity. At these extreme loads and beyond, one cannot distin-
guish between coupling mechanisms through measurements of
randomness.

Measurements of the ATP dependence of randomness for low
external load (1:05 6 0:01 pN; Fig. 4) were similar to those obtained
near zero load8: r rose from ,1

2
at saturating ATP through 1 when

ATP levels dropped below Km (the increase in r above unity probably
re¯ects the occurrence of 8-nm backwards steps, comprising 5±10%
of all steps8,11,12, as discussed8). A similar dependence of r upon ATP
concentration was observed for a ®xed load of 3:59 6 0:03 pN
(equal to about half the stall force), an observation that is consistent
with tight coupling. Still stronger evidence in support of tight
coupling came from the determination of randomness as a function
of load for saturating ATP levels. The data of Fig. 4b show r to be
nearly independent of load out to forces approaching ,5 pN: this
invariance constitutes a clear signature of tight coupling, and can be
used to place a theoretical bound on the fraction of total ATP
hydrolyses that fail to produce movement. Even in conservative
scenarios involving only 3% or 4% backwards steps, to remain
consistent with these data the fraction of futile hydrolyses must be
less than 15% or 10%, respectively, of all events. More realistic
frequencies of backward stepping which are slightly higher8,11,12 lead
to an even lower bound. (It is nevertheless possible to construct
more complicated reaction schemes involving ,1±2% backwards
steps, plus more than four rate-limiting biochemical transitions
under load, which admit a larger fraction of unproductive hydrolyses.
However, we are inclined to exclude such complexities because they
seem inconsistent with motility8,23,24 and solution21,22 studies
suggesting that kinesin's microtubule-stimulated ATPase has only
about two rate-limiting transitions in the absence of load.) For
forces approaching stall (beyond 5 pN; Fig. 4b), r rises steeply
through 1, and these data alone do not indicate whether coupling
remains tight. However, at 5.69 pN, we found no signi®cant
difference between r at 2 mM ATP and at an ATP level comparable
to Km (400 mM; Fig. 4a), an observation consistent with a rise in
futile hydrolyses at extreme loads. Because of the loss of processivity,
however, we were unable to measure r for 5.69 pN at more than a few
ATP levels (Fig. 4a). In vivo, detachment may serve to prevent
kinesin motors from wasting ATP when faced with insurmountable
loads2.

The ®nding of tight coupling between ATP hydrolysis and
mechanical stepping would seem to rule out many current theo-
retical models for force generation by kinesin. One class of models
that is inconsistent with our ®ndings predicts that most of the
velocity decline under load is due to a loss of coupling ef®ciency and
incorporates either pure loose coupling10, or at most one force-
sensitive transition26±29. Another apparently untenable class of
models constitutes the so-called thermal ratchets (reviewed in ref.
30), for which the coupling ef®ciency depends sharply on load.
However, we believe that the energy landscape picture proposed to
explain the motion of RNA polymerase18 might be adapted to
accommodate kinesin mechanochemistry.

Additional experimental work lends support to our conclusions.
Recent studies of the average kinesin displacement under load
following the release of caged ATP appear to be consistent with
tight coupling31. Moreover, earlier experiments that tested the
application of loads in the same direction as kinesin motion
demonstrated an increase in velocity for both limiting and high
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Figure 4 Displacement ¯uctuations. a, Semi-logarithmic plot of the randomness

parameter, r (mean 6 s:e:m:), versus ATP concentration for ®xed loads (®lled

triangles, 1:05 pN 6 0:01, N � 11±102; ®lled circles, 3:59 6 0:03 pN, N � 30±79;

open circles, 5:69 6 0:03 pN). The rise in r from ,1
2
to ,1 begins at a higher ATP

level for 3.59 pN than for 1.05 pN, re¯ecting the higher Km at the former load. To

guide the eye, data are compared to two-parameter analytical ®ts (dashed line,

1.05 pN; solid line, 3.59 pN). These ®ts were performed using the Michaelis±

Menten parameters from Fig. 2, assuming two rate-limiting transitions at saturat-

ing ATPand one ATP hydrolysis per 8-nm step. Backward steps were assumed to

occur in an ATP-dependent manner (see Methods). b, The randomness param-

eter, r (mean 6 s:e:m:), versus load at 2mM ATP (circles). Data points represent

an average of 43±87 runs.
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ATP levels12. This counterintuitive ®nding may be explained by
assuming that kinesin has two load-dependent transitions. The
application of forward loads would raise the rates of both load-
dependent transitions, leading to velocity increases when kb is
limiting at low ATP, but also when kcat is limiting at high ATP.

Which transitions in the kinesin mechanical cycle are load-
dependent? If load affects two (or more) biochemical transitions,
one possibility is that each 8-nm kinesin mechanical step might
comprise two shorter `substeps' (ref. 32). However, although sub-
steps represent transitions that seem likely to be load-dependent,
they may lack the requisite ATP dependence, or they might be rapid
and not rate-limiting even under load. Therefore, possible substeps
in the 8-nm advance need not represent two load-dependent
transitions. Conversely, a ®nding of two load-dependent transitions
does not imply the existence of substeps: these transitions might
correspond to biochemical events distinct from those which actually
produce the forward progress, for example ATP binding and/or
ADP release. Finally, because kinesin molecules carry two heads
which are thought to operate `hand over hand' in alternation, it
remains an open question as to whether two load-dependent
transitions take place within the same head or are instead shared
between them. Further experiments will be required to determine
the number and location of load-dependent transitions within the
kinesin mechanochemical cycle. M
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods

Assays. Motility assays were performed as described8. All chemicals were from

Sigma, except glucose oxidase (250 mg ml-1) and catalase (30 mg ml-1), which

were from Calbiochem.

Instrumentation and calibration. In brief, the optical trap was based on a

Diaphot 200 inverted microscope (Nikon) out®tted to accommodate a 100´/

1.3 NA oil-immersion objective (Plan-Neo¯uar, Zeiss), into which a Nd:YVO4

laser beam (Spectra Physics; 1,064 nm) was introduced through a custom laser

port (Nikon). Trap position within the specimen plane was speci®ed using two

acousto-optical de¯ectors (IntraAction) digitally controlled by computer.

Position detection was accomplished by focusing a low-power (,400 mW

HeNe laser beam (Uniphase, 633 nm, ®bre-coupled) onto an optically trapped

0.5 mm silica bead and measuring the de¯ected light in a plane conjugate to the

back focal plane of the microscope condenser using a quadrant photodiode

arrangement14. The trapping laser and detector beam foci were coaligned both

axially and laterally, so that both video-based centroid tracking of a bead and

photodiode-based detection of its position produced the same velocities and

displacements as measured from the trap centre. This alignment was done

using kinesin-coated beads attached to microtubules by 2 mM AMP-PNP, a

non-hydrolysable ATP analogue. To simulate motility, the piezoelectric micro-

scope stage was moved in either a triangle wave or a stochastic stepping pattern

while the bead was held in the force clamp. The position detector was calibrated

each time a bead was selected or the position in the ®eld of view had changed14.

Trap stiffness calibrations10,15 were done beforehand by determining the roll-off

frequency of displacement power spectra for trapped beads as a function of

laser power. To minimize differences in force arising from variation in the sizes

of beads, we used a highly uniform population of silica spheres10 (gift from

E. Matijevic). The standard deviation in trap stiffness (and therefore the force at

a given displacement) from bead to bead was 4.2% (n � 100), based on

measured power spectra obtained from 10 individual beads at each of 10

different laser light levels. Linearity of the trap force for displacements out to

200 nm from the trap centre was veri®ed by applying a sinusoidal displacement

to the microscope stage and recording the response of a trapped bead15.

To ensure accurate determinations of r, we performed control experiments

analogous to those reported previously8. Kinesin-coated beads were placed on

immobilized microtubules and motor activity was halted with AMP-PNP. To

simulate single kinesin motion, the piezoelectric microscope stage was moved

in discrete steps of 7±8 nm, at either fast (,660 nm s-1) or slow (,14 nm s-1)

average speeds, at either high (,6 pN) or low (,1 pN) constant loads, and with

stepping intervals chosen either from an exponential distribution (r � 1) or

from a convolution of two exponentials (r � 1
2
). Under all eight possible

conditions, control determinations of randomness and velocity were at worst

within ,15% and ,5%, respectively, of their nominal values (data not shown).

Before control and experimental runs, each bead was held ,300 nm above the

microtubule and the position detector response was calibrated on-line5,14. To

randomize measurement errors arising from vertical offsets, the microscope

was refocused between runs such that the microtubule image was sharp when

viewed by video-enhanced microscopy.

Records of bead displacements along microtubules that were aligned with a

single axis (x) of the position detector were sampled at 19±21 kHz, anti-alias

®ltered at 10 kHz, digitized at 12-bit resolution, used for trap feedback, then

decimated and saved to disk at 1.9±2.1 kHz. The force clamp thus operates

along the x-axis only. The position of the optical trap was updated at 19±21 kHz

but saved at 190±210 Hz for better computer performance. The running bead

position was integrated with a variable (3±50 ms) boxcar window that was used

to compute the updated trap position. We optimized the integration window

during all control and experimental runs to improve feedback stability. Because

the force clamp responds to variations in bead position averaged over the

integration time, high-frequency force variations are permitted. To minimize

variations caused by brownian motion of the bead, we set the bead-trap

separation at 175 nm for all loads, except for the lowest loads of ,1
2

pN and

,1 pN, for which the separation was 100 nm to maintain a minimum trap

stiffness. The load for each run was computed off-line from the known stiffness

and the difference in the digitized bead and trap positions (Fig. 1). All runs used

for analysis were required to lie laterally within 650 nm of the microtubule

axis. Upon activation of the feedback control program, a kinesin-coated bead

was pulled to one edge of the detection zone, allowed to bind to the

microtubule, and then to proceed towards the opposite edge of the zone: the

load remained clamped over the interval (-150 nm, +150 nm) from the zone

centre.

Stall force measurements using the position clamp were calibrated and

performed as described17. In brief, position measurements were made with an

optical trapping interferometer3 distinct from the instrument used for the rest

of this work, taking into account the slight variations in equilibrium bead

position with laser power (these effects were calibrated before stall measure-

ments were taken)17. Kinesin-driven beads were stalled at ,105 nm from the

trap centre, and stalls were required to last .2 s to be scored. By multiplying

this distance from the trap centre, the measured laser power at stall, and the

predetermined trap stiffness (4:5 3 10 2 4 pN nm 2 1 mW2 1), stall forces were

calculated. Stall force measurements using a ®xed optical trap were done with

the force-clamp instrument in its open-loop mode. Again, stalls were required

to last for .2 s to be scored.

Analysis. Mean velocities, variance and randomness were determined using

custom software written in LabView 5.0 (National Instruments) as

described8,23, except for the following. Experimental and control displacement

records within 6150 nm of the detector centre were used. For inclusion in

velocity analysis, runs had to last at least 100 nm (.5 pN) or 300 nm (,5 pN).

Only runs over the full 300-nm range were used for the determination of r,

except for the three r values at 5:69 6 0:03 pN (Fig. 4a), for which we used runs

of 150 nm minimum, because of the reduced processivity at high load. To

determine the linear slope of the displacement variance versus time, a line®t

was made to the variance over the ®rst 40 nm/hvi time interval, excluding at

least the ®rst ,15 ms (the correlation time of the bead position in the force

clamp). Experimental and control runs at limiting ATP levels were smoothed

and resampled with a 10±25 ms window, a procedure that improves computa-

tional speed but does not affect r (ref. 8). To guide the eye, analytical ®ts to r

versus ATP were made under the assumption of two rate-limiting transitions at

saturating ATP and one ATP hydrolysis per 8-nm step8. To account for

backwards steps, we ®t to the formula8 r � �Är 2 1��1 2 2P 2 � � 1=1 2 2P 2 ,

where rÄ is the randomness in the absence of backwards steps, and P- , the

fraction of steps backwards, is inversely proportional to a linear function of

[ATP].
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