
© 1993 Nature  Publishing Group

'life as we know it'. Of course putative ecosystems that are only 
weakly coupled to the surface environment (for example, 
subsurface32

'
33

) arc not excluded by such observations. 
Surface oceans of liquid water are unique in the Solar System; 

conceivably this is part of the reason that Earth is the only 
planet in the Solar System with abundant surface life. Similar 
spectroscopic methods, although without resolution of the disk, 
may be useful in examining planets of other stars for indigenous 
life, as has been suggested for 0 2 by Owen.34 Large filled­
aperture or interferometric telescopes intended for investigating 
extrasolar planets, especially those of terrestrial mass, might 
incorporate into their design the wavelength range and spectral 
resolution that has proved useful in the present work. In the 
radio search for extraterrestrial intelligence (SETI), optimum 
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transmission through interstellar space and plausible planetary 
atmospheres lies in the 1-3 GHz range, not the MHz range used 
here. 

The Galileo mission constitutes an apparently unique control 
experiment on the ability of fly-by spacecraft to detect life at 
various stages of evolutionary development on other worlds in 
the Solar System. Although a similar opportunity arises in the 
summer 1999 Earth fly-by of the ESA/NASA Cassini spacecraft 
on its way to Saturn, there are, because of funding constraints, 
no plans to observe the Earth with Cassini. Although a great 
deal more exploration remains to be done before such conclu­
sions can be considered secure, our results are consistent with 
the hypothesis that widespread biological activity now exists, of 
all the worlds in this Solar System, only on Earth. D 
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Do biological motors move with regular steps? To address this question, we constructed instru­
mentation with the spatial and temporal sensitivity to resolve movement on a molecular scale. 
We deposited silica beads carrying single molecules of the motor protein kinesin on micro­
tubules using optical tweezers and analysed their motion under controlled loads by interfero­
metry. We find that kinesin moves with 8-nm steps. 

ENZYMES such as myosin, kinesin, dynein and their relatives 
are linear motors converting the energy of A TP hydrolysis into 
mechanical work, moving along polymer substrates: myosin 
along actin filaments in muscle and other cells; kinesin and 
dynein along microtubules. Motion derives from a mechano­
chemical cycle during which the motor protein binds to success­
ive sites along the substrate, in such a way as to move forward 
on average 1 3

• Whether this cycle is accomplished through a 
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swinging crossbridge, and how cycles of advancement are cou­
pled to A TP hydrolysis, have been the subject of considerable 
debate4

-
6

. In vitro assays for motility7
•
8

, using purified compo­
nents interacting in well-defined experimental geometries, per­
mit, in principle, measurement of speeds, forces, displacements, 
cycle timing and other physical properties of individual mol­
ecules, using native or mutant proteins9

-
14

. 

Are there steps? 
Do motor proteins make characteristic steps? That is, do they 
move forward in a discontinuous fashion, dwelling for times at 
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well-defined positions on the substrate, interspersed with periods 
of advancement? We define the step size, which may be invariant 
or represent a distribution of values, as the distance moved for­
wards between dwell states. (Here we use 'step size' in its physical 
sense, and not to mean the average distance moved per 
molecule of ATP hydrolysed, also termed the 'sliding 
distance'4 •

9 11
'
15 18

• The latter corresponds to the physical step 
size, or an integral multiple thereof, in models in which A TP 
hydrolysis and stepping are tightly coupled.) If stepping occurs, 
the distributions of step sizes and dwell times will place con­
straints on possible mechanisms for movement. 

The motor protein kinesin has advantages over myosin for 
physical studies, despite a comparative dearth of biochemical 
data. It can be made to move slowly, permitting better time­
averaging of position, and it remains attached to the substrate 
for a substantial fraction of the kinetic cycle 12

'
13

'
19

, reducing the 
magnitude of brownian excursions. Movement by single mol­
ecules of kinesin has been demonstrated 12

' 
13

, and kinesin can 
transport small beads, which provide high-contrast markers for 
motor position in the microscope8

. Unlike actin filaments, 
microtubules are relatively rigid20

, and can be visualized by 
video-enhanced differential interference-contrast microscop/ 1 

(DIC). Finally, recombinant kinesin expressed in bacteria 
has been shown to move in vitro, paving the way for future 
study 14

• 

Significant technical difficulties nevertheless exist in measuring 
movements of single molecules. The motions occur on length 
scales of angstroms to nanometres and on timescales of milli­
seconds and less. To obtain the high spatial and temporal sensi­
tivity required, we combined optical tweezers22

'
23 with a dual­

beam interferometer24 to produce an 'optical trapping interfero­
meter'. A laser, focused through a microscope objective of high 
numerical aperture, provides position detection and trapping 
functions simultaneously, and can produce controlled, calibrat­
able forces in the piconewton range. Using this device, we cap­
tured silica beads with kinesin molecules bound to their surface 
out of a suspension and deposited them onto microtubules 
immobilized on a coverslip. We then observed the fine structure 
of the motion as beads developed load by moving away from 
the centre of the trap. 

Our data provide evidence for steps under three sets of condi­
tions. At moderate levels of A TP and low loads, kinesin move­
ment was load-independent, and the relatively high speed, in 
combination with brownian motion, precluded direct visualiza­
tion of steps. A statistical analysis of the trajectories, however, 
revealed a stepwise character to the motion. At saturating levels 
of A TP and high loads, or at low levels of A TP and low loads, 
(when movement is slowed mechanically or chemically), it was 
possible to see the abrupt transitions directly. We estimate the 
step size to be 8 nm, a distance that corresponds closely to the 
spacing between adjacent a-f3 tubulin dimers in the protofila­
ment of the microtubule25

, suggesting that the elementary step 
spans one dimer. 

Optical trapping interferometer 
Polarized laser light is introduced at a point just below the objec­
tive Wollaston prism into a microscope equipped with DIC 
optics (Fig. Ia). The prism splits the light into two beams with 
orthogonal polarization: these are focused to overlapping, 
diffraction-limited spots at the specimen plane, and together they 
function as a single optical trap23

• A phase object in the specimen 
plane inside the region illuminated by the two spots (the detector 
zone) introduces a relative retardation between the beams, so 
that when they recombine and interfere in the condenser Wollas­
ton prism, elliptically polarized light results (Fig. Ia, left). The 
degree of ellipticity is measured by additional optics24 and pro­
vides a sensitive measure of retardation, which changes during 
movement, passing through zero when the object exactly 
straddles the two spots (for example, a bead moved along a 
microtubule, as shown in Fig. Ia, right). For small excursions 
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(out to ~!50 nm), the output of the detector system is linear 
with displacement (Fig. Ia, inset). 

Over most of its bandwidth, detector noise is at or below I A/ 
JHz (Fig. lb). The response to a 100Hz sinusoidal calibration 
signal of I nm amplitude (Fig. lb, inset) shows this angstrom­
level noise. An optical trapping interferometer has advantages 
over conventional split-photodiode systems26

'
27

. Because it is a 
non-imaging device, it is relatively insensitive to vibrations of 
the photodetector. Laser light levels ensure that detectors do not 
become shot-noise-limited. The detector zone can be reposi­
tioned rapidly within the microscope field of view. Because trap­
ping and position-sensing functions are provided by the same 
laser beam, the two are intrinsically aligned. Finally, the arrange­
ment does not interfere with the simultaneous use of conven­
tional DIC imaging. 

Trapping force can be calibrated in a number of ways28
-

31
. 

Two independent methods were used here. A rapid, convenient 
method applicable for small excursions from the trap centre is 
to measure the thermal motion of an unbound, trapped bead 
(Fig. I c). The optical trap behaves like a linear spring, so that 
dynamics correspond to brownian motion in a harmonic poten­
tial, which has a lorentzian power spectrum. Experimental spec­
tra are well fitted by lorentzians, and the corner frequency 
provides the ratio of the trap spring constant to the frictional 
drag coefficient of the bead32

. The latter is obtained from Stokes' 
law, after correction for the proximity of the coverslip surface33

. 

This approach permits forces on individual beads to be charac­
terized in situ, just before or after their use in motility assays. A 
second approach, useful for larger excursions, is to move the 
stage in a sinusoidal motion while recording bead displacement 
from the fixed trap position (details are given in Fig. I legend). 
Both methods give results agreeing within 10%. 

Low-load regime 
Silica beads were incubated with small amounts of kinesin, such 
that they carried fewer than one active molecule, on average, 
and were deposited on microtubules with the optical trap. The 
power was set to ~ 17 m W at the specimen plane, providing a 
nominal trapping force that varied linearly from 0 pN at the 
centre to ~ 1.5 pN at the edge of the detector zone ( ~ 200 nm). 
The ATP concentration was fixed at 10 JlM. Mean bead velocity 
in the outermost region of the trap, corresponding to the greatest 
force, was within 10% of that measured near the trap centre 
(51 nm s- 1 versus 54 nm s- 1

). As observed previously13
, beads 

frequently released from the microtubule after a variable period 
of progress (runs) and were drawn rapidly back to the trap 
centre (within :(2 ms), whereupon they rebound and began to 
move again (Fig. 2a). Multiple cycles of attachment, movement 
and release were observed, with the same bead passing repeatedly 
through the detector region (as many as 20 times). The points 
of release, hence the corresponding force levels, were not the 
same at each pass. Measurements were terminated when a bead 
travelled out of the trap altogether or became stuck. 

Bead displacement during one run is shown in Fig. 2b. The 
thermal noise in the displacement signal decreased as the bead 
developed load and walked toward the edge of the trap (Fig. 
2c), indicating a nonlinear elasticity. This can be explained as 
follows. The bead's position is determined by its linkage to two 
springs. The first is the optical trap, with spring constant k,,.P. 
The second is the linkage connecting the bead to the micro­
tubule, acting through the motor, with spring constant kmotO<. 
Both springs are extended as the motor pulls forward. If these 
springs were linear, thermal motion would be independent of 
the equilibrium position, with a mean-square displacement given 
by (x2

) =ksT/(ktmp +kmotor ), where k 8 is Boltzmann's constant 
and T is the temperature. Therefore, the data of Fig. 2c imply 
that kmotor gets stiffer with increased extension. It is this diminu­
tion of noise, in part, that makes it possible to see steps: when 
the amplitude of the thermal noise is substantially larger than 
the step size, steps cannot be detected by any of the methods 
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used here (our unpublished computer simulations). This under­
scores the need to keep the bead-to-motor linkage stiff in experi­
ments designed to look for molecular-scale motion, and also fo r 
imposing a stiff external tension . Considerable variability was 
observed in the mean noise level from bead to bead in these 

a 

/ 
b 
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experiments, as well as in the degree of noise reduction under 
tension (by factors of 1- 3). For this reason, and because of the 
relatively large extension (tens of nanometres) , we consider it 
unlikely that stretching of the kinesin molecule itself was chiefly 
responsible for nonlinear behaviour. One reasonable explanation 

-}-+ 

0-1--
Photodetector B 

Polarized laser light 

c 
80 

FIG. 1 The optical trapping interferometer. 
a (left), The diagram illustrates the polarization 
state of light as it passes through elements of 
the system, viewed along the optical axis. a 
(right), A schematic of the instrument. Polarized 
laser light passes through a Wollaston prism 
and is focused to two overlapping diffraction­
limited spots (~111m diameter) with ortho­
gonal polarization , separated by roughly 
- 250 nm. After passage through the specimen 
(a bead propelled along a microtubule by a 
kinesin molecule), light recombines in the 
upper Wollaston and develops slightly elliptical 
polarization (see text). Ellipticity is measured 
by a quarter waveplate, which produces nearly 
circularly polarized light, followed by a polariz­
ing beam-splitting cube, which splits the light 
into two nearly equal components. The differ­
ence in intensity is detected by photodiodes 
and a normalizing differential amplifier. Signals 
were analysed offline (LabView, National 
Instruments). b, Sensitivity of the interfero­
meter. The graph shows the spectral noise 
density of the interferometer responding to a 
100-Hz calibration signal of 1-nm amplitude. 
The large peak (arrow) corresponds to the sig­
nal. The detector voltage output (inset) shows 
both signal and noise. c, Force calibration of 
the optical trap. The thermal noise spectrum of 
a bead trapped using 58 mW of laser power is 
shown (solid line). The spectrum is fitted by a 
lorentzian (dashed line). 
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METHODS. We used a modified inverted micro­
scope (Axiovert 35, Carl Zeiss) equipped with 
Nomarski DIC optics (Plan Neofluar 100 x 1 
1.3NA oil objective) fixed to a vibration isolation 
table (TMC Corp.). Light from a Nd : YLF laser 
(CW, 3W TEM00 , A-= 1,047 nm; Spectra Phys­
ics) was coupled by an optical fibre. Beam­
steering was accomplished with a telescope 
arrangement13.n An x-y piezo stage (Physik 
lnstrumente) allowed positioning of the speci-
men under computer control. To measure 

Q) 
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E 
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instrument noise, a bead was embedded in polyacrylamide to suppress 
brownian motion and introduced into the detector. The stage was 
moved in a sinusoidal motion along the x axis to provide a calibration 
signal while recording voltage, and the power spectrum was computed. 
The power spectrum was scaled by computing the integral under the 
calibration peak and setting this equal to the mean-square value of the 
sinusoidal displacement amplitude. To calibrate the trap stiffness, and 
thereby the force, a bead in solution was trapped (typically ~2 11m above 
the coverslip) and its brownian motion recorded, from which a power 
spectrum was computed. The corner frequency provides the ratio of 
trap stiffness to the viscous drag of the bead; drag was calculated from 
the bead's diameter and corrected for proximity to the coverslip. One­
sided power spectra were normalized such that ( x2

) = J;s (f) df, where 
( x2

) is the mean-square displacement and S(f) is the power at a given 
frequency. Trapping force changed by less than 10% as the distance 
from the coverslip was reduced from 2 to 111m (data not shown). The 
force profile of the trap was also mapped over a larger range of displa­
cements by moving the stage in sinusoidal fashion (amplitude A= 
2.5 11m at frequency f) while monitoring the peak displacement, y, of a 
bead. At low frequencies, the force exerted by the fluid is F=2rrA{Jf= 
k,,.0 y, where f3 = 5. 7 x 10-6 pN s nm - 1 is the drag coefficient of the 
bead. The proportionality between y and f gave the mean stiffness, 
(4.3 ± 0.3) x 10 -• pN nm-1 mW- 1

, which was approximately constant 
out to displacements of ±200 nm (data not shown). The foregoing 
stiffness was used to compute mean forces in the outermost regions 
of the trap. Power at the specimen plane was estimated by measuring 
the external power with a meter and applying an attenuation factor of 

NATURE · VOL 365 · 21 OCTOBER 1993 

~.4() 
0 

> -800 10 2ll ill) 40 

. . !irne(llls) 

100 

Frequency (Hz) 
1000 100 1,000 

Frequency (Hz) 

58%. corresponding to the transmittance of the objective at 1.064 nm, 
determined separately (data not shown). Kinesin was purified from 
squid optic lobe by microtubule affinity"7 and tubulin from bovine 
brain48 Experiments were done at room temperature. Silica beads 
(0.6 11m diameter, 6 x 10 6 wj v final concentration; Bangs Labs) were 
incubated for at least 5 min in buffer (80 mM PIPES, 1 mM MgCI2 , 1 mM 
EGTA, pH 6.9, 50 mM KCI, 0.5 mM dithiothreitol, 50 llg ml - 1 

filtered casein, 1-500 11M ATP, 0.51Jg ml 1 phosphocreatine kinase, 
2 mM phosphocreatine; in some experiments, the last three reagents 
were replaced by 2 mM AMP-PNP). Beads were incubated for > 1 h 
with kinesin diluted -1:10,000 from stock (-50 llg ml 1 kinesin heavy 
chain). Taxol-stabilized microtubules were introduced into a flow 
chamber in which the coverslip had been treated with 4-aminobutyl­
dimethylmethoxysilane (Huls America): microtubules bound tightly to 
this surface. The chamber was then incubated with 1 mg ml- 1 casein 
(in 80 mM PIPES, 1 mM MgCI2 , 1 mM EGTA, pH 6.9) for 10 min, rinsed 
with buffer, and kinesin-coated beads introduced. Beads were captured 
from solution with the trap and deposited on a microtubule selected 
with its long axis parallel to the Wollaston shear direction, the direction 
of detector sensitivity. Fewer than half the beads bound and moved 
when placed on a microtubule. Under these conditions, beads carry 
Poisson-distributed numbers of functional motors13

. The bead size in 
these studies was such that the chance that any bead carried two 
motors in sufficient proximity to interact simultaneously with the micro­
tubule was less than 2%, assuming, generously, that kinesin heads can 
reach 100 nm from their points of attachment. 
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for the nonlinearity is that the bead-motor linkage behaves like 
an en tropic spring, with the swivelling motion of the bead at the 
end of its tether contributing degrees of freedom. This linkage 
becomes taut under load, such that subsequent displacements of 
the motor are communicated sharply to the bead. 

Beads under the conditions shown in Fig. 2a, b moved close 
to 50 nm s- 1

• The speed and the thermal noise in the data made 
a statistical analysis necessary to detect periodic structure. We 
used the following approach. First, reduced-noise segments of 
all runs in an experiment were selected, corresponding to move­
ments under load, and filtered to further reduce noise (see 
below). Then, a histogram of all pairwise differences in displace­
ment was computed for each record34

• This 'pairwise distance 
distribution function' (PDF) shows spatial periodicities in step­
ping motion, independent of times at which steps occur. Next, 
PDFs were averaged. Finally, the power spectrum of the average 
PDF was computed: this produces a peak at the mean spatial 
frequency of the stepper. 

For a noiseless, stochastic stepper (equidistant advances after 
exponentially distributed time intervals), the PDF gives a set of 
evenly spaced peaks at multiples of the step distance. For noisy 
steppers, peaks become broadened, disappearing altogether 
when their peak widths (r.m.s. amplitudes of brownian motion) 
exceed the step size. The detection of steps in the presence of 
noise can be improved by low-pass filtering the records with an 
appropriate filter frequency so as to preserve stepwise character. 
For this purpose, we used a nonlinear median filter35

. Computer 
simulations showed that the peak stepping signal recovered from 
a background of gaussian noise by an appropriately chosen med­
ian filter was approximately twice the amplitude of an equiva­
lent, linear Bessel filter (our unpublished data). 

The PDF and associated power spectrum for a single run 
along a microtubule are shown in Fig. 3a, b. Even in individual 
runs, there was often an indication of periodicity in the PDF, 
with a spacing from 6-8 nm, although there was considerable 

FIG. 2 a, Distance of a bead from the trap centre over 
25 s. Multiple cycles of movement, release (solid arrows) 
and reattachment can be seen. The bead stuck briefly 
(<1 s) at 23 s (dashed arrow), then continued. The appar­
ent peak between seconds 8 and 9 (third arrow) is a 
consequence of interferometer nonlinearity: the bead 
actually passed the turnover point in voltage at ~280 nm 
(Fig. 1a, inset) and continued its forward movement briefly 
before releasing. Portions of records beyong 200 nm were 
not analysed. b, Detail from the dashed box in a. The raw 
data (lower trace) were median-filtered for subsequent 
analysis (upper trace). c, The mean-square noise of the 
track in b as a function of distance from the trap centre. 
The noise decreases as the bead is placed under tension 
by the trap. 
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METHODS. Data were acquired at 1 kHz. A cubic polyno­
mial was fitted to the response function (Fig. 1a, inset), 
and used to convert voltage to distance, a procedure that 
extended the usable instrument range to ±200 nm with 
a ±5% error (data not shown). The algorithm computes 

200 

100 

the absolute value of displacement, so that the distance 
from the centre of the trap is rectified. Record segments 
corresponding to movement near the trap centre were not 
used for analysis. The response function was determined 
by tracking the motion of beads stuck tightly to the coverslip surface 
and moved with computer-controlled voltage waveforms supplied to 
the piezo stage. The piezo stage was calibrated with nanometre-scale 
precision using video-based methods38 against a 10-~m diamond-ruled 
grating (Donsanto Corp.). A calibration procedure was implemented that 
allowed beads of slightly varying size to be used, even though these 
scatter different amounts of light. This was made possible by the obser­
vation that the turnover point in the response function (Fig. 1a, inset) 
occurs at a fixed distance from the trap centre, independent of the 
bead size, and that the response function scales with voltage at that 
point. By measuring the turnover voltage, it was possible to establish 
an absolute correspondence between voltage and distance. Only runs 
longer than 100 nm were analysed for steps, as follows. A line was 
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variation from run to run. Averaged data (Fig. 4a, b), gave peaks 
corresponding to an uncorrected spacing of 6. 7 ± 0.2 nm 
(mean± s.e.). Essentially identical data were obtained for beads 
moving on axonemes (data not shown). Note that backward 
movements, corresponding to negative distances in the PDF, 
were practically non-existent. Can our instrument, in combina­
tion with the analysis, reliably detect nanometre-sized steps in a 
noisy background? To test this, we attached beads carrying 
single motors to microtubules with AMP-PNP, a non-hydrolys­
able ATP analogue. Beads bound in rigor by AMP-PNP 
exhibited brownian motion but did not translocate. The piezo 
stage of the microscope was then stepped stochastically to move 
the entire specimen (bead and microtubule) through the detector 
zone, parallel to the long axis of the microtubule, in a series of 
8-nm increments, at the same speed as the kinesin-based move­
ment of Fig. 4a. The PDF and power spectrum for this experi­
ment gave peaks at nearly the same positions (Fig. 4c, d). 
(Similarly, experiments with a stage moved in 4-nm increments 
gave peaks at half this spacing; data not shown.) Smaller, secon­
dary peaks (measured relative to the sloping background) at 
subharmonics of the main spatial frequency are usually seen: 
these arise mainly from the variation in peak heights in the PDF. 
The measured periodicity was 6.5 ± 0.2 nm, a distance that is 
19% smaller than the anticipated value (8 nm). The discrepancy 
is a consequence of stretching in the elastic bead-motor linkage 
under load, causing beads to move only a fraction of the motor 
displacement. (The fraction is kmotor / (k,,.P + kmotoc) for linear 
springs.) This interpretation was confirmed by an experiment 
with beads bound directly to the coverslip that had dramatically 
reduced brownian motion. When the stage was again stepped 
stochastically by 8 nm, we obtained a strong peak at 8.0 ± 0.2 nm 
(Fig. 4e,f). Therefore, applying a 19% correction to the spec­
trum of Fig. 4b yields an adjusted estimate of 8.3 ± 0.2 nm for 
the mean periodicity of kinesin-based movement. 

a 

Could the filtering and/or statistical analysis produce 
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fitted to the run, and the slope used as a first estimate of velocity, v'. 
A set of non-overlapping segments of duration 2d/v' was then fitted to 
the run, where d is an assumed step size, and an improved estimate 
of velocity, < v), was computed from these segments. The filter fre­
quency was chosen such that fcc::::;2<v)/d. Data were filtered with a 
Bessel filter at 1.2fc and then by a median filter5 of rank r, chosen 
such that fc=1/(2r+1). This procedure was determined by computer 
simulations to provide reliable results with stochastic steppers subject 
to gaussian white noise. The exact choice of d is not critical: for the 
final data analysis, d=8 nm was assumed, but other values (from 
4 to 16 nm) gave essentially identical results. The noise in c is the 
mean-square deviation of unfiltered data from successive line 
segments. 
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artefactual results? To answer this question, we again bound 
beads to microtubules with AMP-PNP, but moved the specimen 
smoothly through the trap at the same mean speed. The PDF 
and associated power spectrum (Fig. 4g, h) had similar baselines, 
but no peaks corresponding to spatial periodicities. The varia­
tion in several such spectra provided a means of estimating the 
statistical significance of the peak in Fig. 4b : its likelihood of 
random occurrence is P<O.OOOOI. 

High-load regime 
The laser power was set to -58 mW at the specimen plane, a 
level that provided a nominal force that varied linearly from 
0 pN at the centre to -5 pN at the edge of the detector zone. 
The ATP concentration was raised to 500 11M (saturation level). 
When beads carrying single kinesin molecules were placed on 
microtubules, their motion was more erratic than at lower pow­
ers. Beads near the trap centre, experiencing low loads, moved 
rapidly at 300- 500 nm s- 1

• Under higher loads towards the edge 
of the trap, beads markedly slowed (or became stuck), although 
some were still able to escape altogether, opposing forces up to 
5 pN. Other beads slowed or stuck before reaching the trap's 
edge, then continued forward at increased speed. Shuttering the 
trap briefly (<0.5 s) during a slow (or stuck) episode enabled 
some beads, but not all, to regain forward motion. Multiple 
transitions between fast- and slow-moving phases were seen in 
individual records, with beads entering the slow phase over a 
range of positions (loads) in the trap. Beads still underwent 
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FIG. 3 a, The pairwise distance distribution function (PDF) for a single 
run. The density of interpoint distances in a median-filtered record is 
shown: multiple peaks with regular spacing can be identified. b, The 
normalized power spectrum of the data in a, showing a prominent peak 
at -0.130 nm- 1 (arrow), corresponding to periodicity of 7.7 nm. 
METHODS. PDFs were computed by binning distance differences (x1-x1) 

for all U> i) in a histogram, with bin width 0.5 nm. The PDF was normal­
ized to unity at the first bin and smoothed wth a 3-point moving window. 
The one-sided power spectrum, S(k), was computed from the PDF by 
FFT and normalized to unity at 5(0). The PDF is identical to the autocor­
relation function of the density of distances from the trap centre. S(k) 
is analogous to the square of the structure factor used in X-ray scatter­
ing, with the density of distances being analogous to electron density49

. 

NATURE - VOL 365 · 21 OCTOBER 1993 

ARTICLES 

multiple cycles of movement, release and reattachment, similar 
to the behaviour observed at lower loads. 

In the slow-moving phase, the reduced speed permitted vis­
ualization of steps. Figure 5a, b shows two records at high load, 
each containing roughly ten abrupt displacements forwards. The 
heights of these steps varied from -5- 18 nm, with the smaller 
transitions averaging 8 ± 2 nm (mean± s.d.; n = 16; Fig. 5c-f). 
Beads also advanced through what appeared to be 'double steps' 
(- 17 nm), but it was not possible, given the bandwidth and 
noise jn these signals, to determine whether such jumps represen­
ted two steps in rapid succession or one single step. Assuming 
that motors are stochastic steppers, one expects an exponential 
distribution of dwell times with numerous short steps. Records 
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FIG. 4 a, The averaged pairwise distance distribution function (PDF) for 
kinesin movement, taken from 17 records of 10 different beads. b, The 
power spectrum of the data in a, with a peak at 0.149±0.004 nm·1 

(arrow), corresponding to a periodicity of 6. 7 ± 0.2 nm. c, The averaged 
PDF for beads attached to the microtubule using AMP-PNP, with an 8-
nm stochastically stepped stage. d. The power spectrum of the data in 
c, with a main peak at 0.154 ± 0.004 nm - 1 (arrow), corresponding to a 
periodicity of 6.5 ± 0.2 nm. e, The averaged PDF for beads attached 
directly to the coverslip, with an 8-nm stochastically stepped stage. f, 
The spectrum of the data in e, with a peak at 0.125 ± 0.003 nm - 1 

(arrow), corresponding to a periodicity of 8.0 ± 0.2 nm. g, The averaged 
PDF for beads attached to the microtubule using AMP-PNP with a 
smoothly moved stage. h, The power spectrum of g. The average ampli­
tude fluctuation about the mean for records of smooth movement was 
0.002 units over the range of spatial frequencies 0.1-0.2; that is, there 
are no statistically significant peaks in this trace. All PDFs and power 
spectra were normalized to unity. Note different scale in e. 
METHODS. PDFs in each panel represent averages of 17 records. Peak 
positions in power spectra and corresponding error estimates were 
determined by fitting gaussians. To estimate the statistical significance 
of the peak in b, the standard deviation per point, u., for 17 spectra 
of individual runs of a smoothly stepped stage was computed . The 
likelihood of the peak was ((S. - N.)2

/
12/ ( u.) , ~heres. is the average 

spectrum of kinesin-driven movement in b, and N. is the average spec­
trum of smooth movement in h; averages were taken over the four 
spatial frequencies comprising the peak. 
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of the type shown in Fig. 5a, b are relatively hard to obtain: 
additional records must be collected before a more complete 
statistical analysis, including measurements of dwell-time distri­
butions, will be possible. In parts of the record, the distance 
from the centre of the trap appeared to shorten briefly ( ~ I 0 ms) 
just before a step (Fig. 5e,f), but this was not seen in all cases 
(Fig. 5c, d) . We do not know if this behaviour reflects an 
intrinsic property of the motor, but the shortening is not due to 
kinesin unbinding because substrate release for periods as short 
as a millisecond would result in the bead being pulled off com­
pletely (Fig. 2). 

Low-ATP regime 
Reasoning that steps might also be resolved under low loads if 
beads moved slowly enough we restored the power to 17 m W 
and lowered the ATP concentration to I or 2 ~M. When beads 
carrying single kinesin molecules were placed on a microtubule, 
their speeds were slow, about 5- 15 nm s -I , and single steps could 
again be seen in records that were selected for low noise (and 
therefore, presumably, stiffer bead- motor linkages) (Fig. 6a- e). 
A statistical analysis of these, like that performed in the low-load 
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FIG. 6 a, b, Multiple steps in the displacement records of two different 
beads moving at an ATP concentration of 2 j.!M. c-e, Multiple steps in 
the displacement records of three different beads moving at an ATP 
concentration of 1j.!M. Horizontal gridlines (dotted) have been drawn 
at a spacing of 8 nm. A 10-point jumping average of data taken at 
1 kHz is plotted for an effective rate of 100 Hz. f, g, The PDF and 
associated power spectrum of the record in e, showing a periodicity of 
8.8 ± 0.5 nm. Mean step size and s.d. for records in a-e were computed 
from peak positions determined from PDFs. A correction for the exten­
sion in kmotm has not been applied to these data, which were selected 
for their low noise and which presumably reflect stiffer linkages. 
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regime, showed that steps measured 8.2 ± 1.1 nm (mean± s.d., as 
determined from peak positions in power spectra for all five 
panels), the same size as those seen in the high-load regime. 
Figure 6/, g shows an example of the PDF and associated power 
spectrum for the data of Fig. 6e, where the mean periodicity was 
8.8±0.5 nm. 

Is it possible that kinesin motors travel a longer, possibly 
variable, distance with each A TP hydrolysis, moving by some 
integral multiple of this spacing? That is, does a single hydrolysis 
result in a sequence of physical steps, rather than just one, as 
has been proposed for myosin4

"
5

"
16

•
36 ? If this were the case for 

kinesin, then for extremely low concentrations of ATP (the 
diffusion limit), one would expect a motor to advance in a rapid 
burst of steps (through » 8 nm) before stopping to wait for the 
next ATP molecule. This would produce motion characterized 
by periods of zero advancement interspersed with clusters of 
steps. The mean rate of advance during a step series ought to 
be high, close to the speed for saturating levels of ATP 
( ~ 500 nm s- 1

). We saw no evidence for step clusters in any of 
our records at 1 or 2 ~M ATP: overall rates of advancement 
were quite uniform. 

Discussion 
The finding of discrete stepping behaviour should allow direct 
measurement of kinetic parameters of the mechanochemical 
cycle, by determining the timing of various phases of the motion. 
For example, releases of the type shown in Fig. 2a permit an 
estimate of the cycle off-time. Once a bead near the edge of the 
trap detaches under low load conditions, it is returned rapidly 
to the centre through a distance, x, of ~200 nm within an aver­
age time r = 1.8 ± 0.4 ms (mean± s.e.) . To make net forward 
progress, the kinesin off-time, f 0 tr, must be less than the time 
required for the trap to pull the bead back by one step, d, that 
is, r orr < d/ v = dr / x, where v is the return speed at the edge of 
the trap. Using 8 nm for d gives foff < 72 ~s. This time is an 
upper limit, because velocity is practically unaffected by trapping 
forces . Such a short off-time signifies that kinesin somehow 
remains bound, sustaining load throughout most of its activity, 
perhaps moving hand-over-hand 12

•
37

• Estimates of other kinetic 
parameters are ongoing subjects of investigation. 

It is known that kinesin motors do not wander over the surface 
lattice of a microtuble, but move instead along straight paths 
parallel to a protofilamene8

-
40

. Kinesin head fragments cloned 
from squid41 or Drosophila42 and expressed in bacteria have been 
used to decorate microtubules. Such fragments are non-func­
tional in motility assays, but they bind microtubules and have 
microtubule-activated ATPase activity. Saturation binding 
experiments indicate a stoichiometry of one kinesin heavy-chain 
fragment to each tubulin dimer42

, and crosslinking studies dem­
onstrate that it is the {:1-subunit of tubulin that is bound41

• Elec­
tron microscopy of decorated microtubules shows an 8-nm 
repeat arising from the head spacing41

"
42

• Taken together with 
our observations, this suggests that the two heads of a kinesin 
molecule walk along a single protofilament--or walk side-by­
side on two adjacent protofilaments- stepping ~8 nm at a time, 
making one step per hydrolysis (or perhaps fewer, requiring 
multiple hydrolyses per step). If the foregoing model is correct, 
then during movement of single molecules, the ATP hydrolysis 
rate, r AT P , should be related to the step size, d, and speed, v, 
through rATP= vj d. Movement at saturating levels of ATP 
(v~500 nm s- 1 and even higher20

) implies rATP~60 s- 1 mol- 1
, 

6-10-fold higher than reported4345
. The hydrolysis rates for 

motility assays in vitro must therefore be substantially higher 
than values inferred from solution biochemistry, or motors must 
make several steps per A TP hydrolysed. The latter is difficult to 
reconcile with our data, particularly at low concentrations of 
ATP. 

Occasionally jumps have been seen38 in selected records of 
kinesin movement during video tracking, measuring 
3. 7 ± 1. 7 nm, although most of the movement was subjectively 
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FIG. 5 a, b, Multiple steps in the displacement records of 
two different beads in the high-load regime. c, d, Details 
of selected steps in a. e, f, Details of selected steps in b. 
Horizontal grid lines (dotted) have been drawn at a spacing 
of 8 nm. A 5-pointjumping average of data taken at 1 kHz 
is plotted for an effective rate of 200 Hz. The mean step 
size for these records was computed from averaged 
values of distance determined during segments of traces 
before and after transitions, identified by eye. Records at 
high loads were not corrected for stretching in kmotm 

because the load presumably extends that linkage to be 
taut. 

"E 
.s 
"' 0 
c: .. 
iii 
i5 

120 
112 
104 
96 
88 
80 
72 
6-4 
56 
48 
40 
32 
24 

smooth. Our instrument resolves distances of this size, but we 
did not find evidence for significant periodicities near ~4 nm. 
The earlier work, however, was done before the development of 
single-motor assays, and beads carried unknown numbers of 
motors, probably several. It is possible that the shorter spacing, 
if real, might reflect an effect of multiple heads stepping along 
neighbouring protofilaments. 

Our data from moving beads subjected to trap-induced ten­
sions suggest that speeds are largely unaffected by forces of 
1.5 pN, and that single molecules of kinesin can still transport 
beads against loads up to ~s pN. These findings seem incompat­
ible with the conclusions of Kuo and Sheetz30

, who reported 
measuring the 'isometric' force generated by single kinesin mol­
ecules at 1.9 ± 0.4 pN. In their experiments, nominally arrested 
beads continued to move ; that is, the isometric condition was 
not truly fulfilled, but this difficulty alone is probably insufficient 
to explain the discrepancy. 
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