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Kinesin Moves by an Asymmetric
Hand-Over-Hand Mechanism
Charles L. Asbury,1 Adrian N. Fehr,2 Steven M. Block1,2*

Kinesin is adouble-headedmotorprotein thatmovesalongmicrotubules in8-nano-
meter steps. Two broad classes of model have been invoked to explain kinesin
movement: hand-over-hand and inchworm. In hand-over-hand models, the heads
exchange leading and trailing roles with every step, whereas no such exchange is
postulated for inchworm models, where one head always leads. By measuring the
stepwisemotionof individual enzymes,wefind that somekinesinmolecules exhibit
a marked alternation in the dwell times between sequential steps, causing these
motors to “limp” along the microtubule. Limping implies that kinesin molecules
strictly alternate between two different conformations as they step, indicative
of an asymmetric, hand-over-hand mechanism.

Results from a variety of single-molecule
experiments have furnished insights into the
mechanochemical properties of kinesin motor
proteins. Individual kinesin dimers move pro-
cessively, making discrete 8-nm steps at sto-
chastic intervals, and may take a hundred or
more steps before releasing from the micro-
tubule surface. Processive motion persists
even in the presence of sustained external
loads up to several pN (1–3), suggesting that
some portion of the kinesin dimer remains
bound to the microtubule at all times. Kinesin
molecules move on the microtubule surface
lattice along paths parallel to the protofila-
ments (4, 5), interacting with one binding site
per tubulin dimer (6). Finally, kinesin moves
in such a way as to hydrolyze exactly one
adenosine triphosphate (ATP) molecule per
8-nm step (1, 7, 8). Two broad classes of
stepping pattern are consistent with the fore-
going observations: hand-over-hand models,
in which the two heads step alternately, ex-
changing leading and trailing roles with each
step, and inchworm models, in which a given
head remains in the lead (9, 10).

The active portion of the kinesin motor is
formed from a dimer of identical heavy
chains, which fold into twin heads attached to
a single common stalk (11). The two globular
heads, which carry enzymatic activity and
bind ATP and microtubules, are joined to the

stalk through short (�13 amino acids) neck
linker regions, consisting of single polypep-
tide chains (12). The heavy chains then inter-
twine to form a coiled-coil dimerization do-
main consisting of classic heptad repeats
(11). On the basis of this structure, free
rotation (i.e., swiveling) of an individual
head could occur, in principle, about the
neck linker, but head motions would be
summed mechanically at the point where
the heavy chains merge into a common
stalk, precluding further independent rota-
tion beyond that point.

A recent study by Gelles and co-workers
(10) supplied compelling evidence that sig-
nificant rotation of the kinesin stalk does not
occur during stepping. A large rotation, up to
180°, should be imparted to the stalk in a
class of hand-over-hand models termed
“symmetric.” This class is symmetric in the
sense that “the three-dimensional structure of
the kinesin-microtubule complex is identical
at the beginning and end of each ATP hydro-
lytic cycle, except that. . .the two subunits
(and therefore the two heads) swap places”
(10). An example of a symmetric hand-over-
hand model with this property is one in which
the dimer rotates about an axis perpendicular
to the microtubule by half a revolution per
step (13). On the basis of their negative find-
ings, Hua et al. (10) ruled out the so-called
symmetric hand-over-hand model, and in-
stead proposed an inchworm mechanism
wherein only one of the kinesin heads is
active in hydrolyzing ATP, to account for the
observation of one ATP hydrolysis per 8-nm
step (1, 7, 8). However, the possibility of an

asymmetric hand-over-hand motion was not
formally excluded, provided that compensa-
tory movements of the head and neck linker
domains during stepping conspire to suppress
the overall rotation of the common stalk. One
such asymmetric mechanism has been pro-
posed, for example, in which the kinesin-
microtubule complex alternates between two
conformations and the stepping motions of
the two heads are distinctly different (14).

To discriminate among candidate models,
we measured the stepwise motion of individ-
ual native and recombinant kinesin ho-
modimers at high spatiotemporal resolution,
using an optical force-clamp apparatus (2, 3,
15, 16). We found that the intrinsic stepping
rates can alternate between two different val-
ues at each sequential step, causing kinesin
molecules to “limp.” The strict kinetic alter-
nation in stepping implies an alternation be-
tween two underlying molecular configura-
tions, thereby excluding fully symmetric
models, such as the inchworm and symmetric
hand-over-hand mechanisms. Therefore, the
discovery that kinesin limps, taken together
with its other nanomechanical properties, im-
plies that it advances by some form of asym-
metric hand-over-hand mechanism. Recent
work has established that an actin-based mo-
tor, myosin V, also moves hand-over-hand
(although it is not yet known whether the
motion is symmetric or asymmetric), raising
the possibility that the mechanism may be
common to dimeric, processive mechanoen-
zymes (17).

In our assays (18), we attached single
kinesin molecules to microscopic beads (0.5
�m diameter) that served as markers for po-
sition and as handles to apply external forces
(1–3, 15, 16, 19, 20). Using an optical trap,
we captured individual freely diffusing beads
carrying kinesin motors and placed them near
microtubules immobilized on a cover glass,
whereupon they bound and moved. Subse-
quent processive motion was tracked with
nanometer-level precision. We used a feed-
back-controlled force clamp to apply a con-
stant rearward load during motion, at a
level below the kinesin stall force (�6 pN)
(20 –22), an arrangement that greatly reduc-
es Brownian fluctuations and improves spa-
tiotemporal resolution (2, 3). The force
clamp also allows comparatively long dis-
placements to be scored (up to �40 steps),
facilitating statistical analysis. We studied
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the motions of His- and biotin-tagged re-
combinant kinesin derivatives of various
lengths from fruit fly and human expressed
in Escherichia coli, as well as native kine-
sin purified from squid.

A truncated derivative of Drosophila
melanogaster kinesin (DmK401) containing
two identical heads and a sufficient length of
neck coiled-coil for dimerization (23) exhib-
ited an obvious limp, alternating between
slow and fast dwell times (where dwell times
are defined as the time intervals between
successive 8-nm advances). Characteristical-
ly, limping manifested itself as a tendency for
steps in position recordings to occur in dis-
crete pairs (Fig. 1A), even though individual
dwell times are governed by a stochastic
process and therefore show variability. Put
somewhat differently, when the dwell times
in any given record were numbered sequen-
tially, the longer-lived dwell times tended
to cluster systematically in either the even-
or the odd-numbered subset. This cluster-
ing was not an experimental artifact, be-
cause limping was almost never observed
with native kinesin protein purified from
Loligo pealei (LpK) and studied under the
same conditions (Fig. 1B).

Statistical analysis showed that the average
dwell times for the slow and fast phases of
DmK401 stepping were significantly different.
Because the starting phase in any given record
is not known a priori, the dwell intervals were
assigned to either a “slow” or a “fast” phase by
comparing the mean duration of the even-num-
bered subset of intervals to the mean duration of
the odd-numbered subset for each record. All
intervals in the subset with the greater mean
were assigned to the slow phase; conversely,
those from the subset with the lesser mean were
assigned to the fast phase. Having made such an
assignment for every record, we could then
combine data from an ensemble of single mol-
ecules to generate global distributions for the
fast and slow phases (Fig. 2A). The durations of
both the slow and fast dwell times for
DmK401 were distributed nearly exponen-
tially (24) but with characteristic lifetimes
that differed nearly sixfold, �slow � 136 �
6 ms and �fast � 24 � 1 ms. This disparity
was also reflected in the limp factor, L,
defined as the ratio of the mean duration of
the slow phase to that of the fast phase in a
given record (25). The distribution of L
showed significant limping in most individ-
ual molecules but varied widely from bead
to bead (and even from run to run): 63% of
records had L � 4, and the average limp
factor was L � 6.45 � 0.31 (Fig. 2B).
Some individual DmK401 motors taking
multiple runs generated consistently higher
limp factors than did others, but the global
distribution was broad and did not contain
clearly separable populations of limping
versus nonlimping molecules.

In contrast to the clear-cut limping dis-
played by DmK401, limping was nearly ab-
sent from stepping records of native squid
kinesin (Fig. 1B). The identical method of
phase assignment was applied to generate
global distributions for the slow and fast
phase of stepping in LpK (Fig. 2C). The
dwell times were again distributed nearly
exponentially but with characteristic life-
times, �slow � 90 � 4 ms and �fast � 54 �
2 ms, which differ far less than those of
DmK401. Furthermore, the limp factors for
LpK were distributed quite narrowly (com-
pare Fig. 2, B and D), with just 8% of runs
producing L � 4. The average limp factor
was L � 2.23 � 0.14, which is only slightly
higher than the value anticipated for a non-
limping stepper, estimated by computer
simulations to be L � 1.8.

We note that the systematic assignment of
even or odd dwell intervals to either a slow or
a fast phase introduces sampling bias for
records of finite length, even when all the
stepping times are drawn from the same sta-
tistical distribution. This bias occurs because
the subset with the maximum sum is always
selected for one phase and the minimum for

the other. The sampling bias becomes negli-
gible only in the limit of long runs containing
a great many individual steps, or when the
difference between the two phases is large
compared with the stochastic variation in
dwell times (as with DmK401). For shorter
runs containing fewer steps on average, how-
ever, the bias can be estimated. Computer-
simulated records for an ideal random stepper
were analyzed, i.e., for a nonlimping Poisson
process with dwell intervals drawn from a
single exponential distribution (with lifetime
� � 71 ms) (26). For such a simulation, we
obtained L, � 1.79 � 0.14, with �slow � 87 �
3 ms and �fast � 56 � 2 ms (Fig. 2, E and F),
values quite similar to LpK.

We then tested a series of recombinant
kinesin derivatives from Drosophila of in-
creasing stalk length (Fig. 3A). As longer and
longer sections of the coiled-coil stalk region
were included in the expressed construct, the
propensity to limp decreased monotonically
(Fig. 3B). The largest construct tested,
DmK871 (which includes 90% of the heavy
chain), had a limp factor of 2.16 � 0.17,
statistically indistinguishable from native
squid kinesin. Interestingly, the systematic

Fig. 1. Representative high-resolution stepping records of position against time, showing the
single-molecule behavior of kinesin motors under constant 4 pN rearward loads. (A) Limping
motion of the recombinant kinesin construct, DmK401. The dwell intervals between successive
8-nm steps alternate between slow and fast phases, causing steps to appear in pairs, as indicated
by the ligatures. (B) Nonlimping motion of native squid kinesin, LpK. No alternation of steps is
apparent; vertical lines mark the stepping transitions. Slow and fast phase assignments, as
described in the text, are indicated in color on the uppermost trace of each panel (blue and red,
respectively), and the corresponding dwell intervals are numbered. All traces were median
filtered with a 2.5-ms window.
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increase in limp factor with shorter stalk
length was attributable to an increase in the
characteristic lifetime of the slow phase of
stepping, whereas the timing of the fast phase
appeared to remain invariant (Fig. 3C). This
result suggests that the kinetics for one head
alone are slowed in limping constructs,
whereas the partner head retains normal en-
zymatic activity.

Limping was not restricted to recombinant
Drosophila kinesin molecules. A bacterially
expressed derivative of human kinesin with a
C-terminal biotinylation tag (HsK413) (27)
also limped. HsK413 produced a limp factor

of 2.98 � 0.25, significantly greater than that
for a Poisson stepper or native squid kinesin
but not as pronounced as the two comparably
sized fruit fly constructs, DmK401 and
DmK448 (Fig. 3B). On rare occasions (9 of
208 records), even selected squid kinesin
molecules appeared to limp, producing outli-
ers in Fig. 2D (arrows). Some of these outlier
molecules limped consistently (28).

The fact that both native and bacterially
expressed kinesin homodimers from several
species can limp suggests that this behavior
may reflect the common mechanism by
which all processive kinesin molecules move.

The alternation between short and long dwell
times during limping directly reflects a cor-
responding alternation in the intrinsic rate for
exiting the dwell state. This strict kinetic
switching implies that the structural configu-
ration of the kinesin-microtubule complex at
the end of even-numbered dwell intervals
differs from that of odd-numbered dwell in-
tervals. Thus, the mechanism whereby kine-
sin advances must be asymmetric, in the
sense that its underlying molecular conforma-

Fig. 2. Stepping statistics for DmK401, LpK, and a computer simulation. (A) Experimental dwell
time distributions for the slow (blue) and fast (red) phases of DmK401 motion, with statistical
errors as indicated. Solid lines show single-exponential fits to the data, with time constants �slow �
136 � 6 ms and �fast � 24 � 1 ms. The first bin and bins with � 7 counts were not included in
fits (these points are displayed without error bars); 2,948 intervals from 278 individual records are
represented. (B) Experimental distribution of the limp factor, L, for individual records of DmK401
movement (black). (Inset) Histograms of the mean durations of the slow (blue) and fast (red)
phases for individual records. (C) Same as in (A), but for LpK. The time constants are �slow � 90 �
4 ms and �fast � 54 � 2 ms. 2,523 dwells from 208 records are represented. (D) Same as in (B),
but for LpK. Outliers with L � 6 (arrows) are caused by rare, limping LpK molecules. (E) Same as
in (A), but for a computer simulation of an ideal Poisson stepper with a single characteristic
stepping time (� � 71 ms) that produced the time constants �slow � 87 � 3 ms and �fast � 56 �
2 ms. 2,230 dwells from 220 records are represented. (F) Same as in (B), but for the simulation.

Fig. 3. The effect of construct length on kinesin
limping. (A) Cartoons showing the named
structural features of kinesin dimers used in
this work, with stalk lengths displayed approx-
imately to scale and numbers of amino acids
shown. (B) The mean limp factors, L, for
DmKHC constructs (black circles), full-length
native LpK (open circle), and for a nonlimping
Poisson stepper under conditions similar to our
experiments (dashed lines, showing 63% con-
fidence intervals), as a function of the construct
length (number of amino acids). Points show
the means and estimated errors [evaluated by
bootstrapping (35)] for each distribution of not
less than 141 limp factors. (C) The average
durations of the slow (blue circles) and fast
stepping phases (red triangles) as functions of
the construct length for DmKHC derivatives
(solid symbols) and native LpK (open symbols).
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tions switch at every step. Symmetric mech-
anisms—by virtue of their symmetry—can-
not account for switching. For example, inch-
worm-type models will not limp without the
ad hoc incorporation of additional (asymmet-
ric) features, nor will symmetric hand-over-
hand models of the type discussed by Gelles
and co-workers (10).

The process by which kinesin motors
advance is poorly understood in mechanis-
tic detail, so it is not currently possible to
assign limping to established structural fea-
tures of its motion. However, some candi-
date mechanisms are immediately suggest-
ed by the molecular geometry of the kinesin
dimer and its presumed relation to the mi-
crotubule during a hand-over-hand walk.
Limping might be induced, in principle, in
kinesin molecules with an axial misregistra-
tion between the � helices of their coiled-coil
dimerization domains (29–31). Misregistra-
tion by a full heptad repeat would shift the
globular heads relative to one another, effec-
tively increasing the maximum neck linker
length for one head by up to �1 nm, i.e.,
from 3 to 4 nm. Such a shift could shorten the
tether of the other head, generating an asym-
metry. The head with the shorter tether would
require additional time to find its forward
microtubule binding site in a diffusional
search (Fig. 4A), thereby slowing its kinetics
relative to the partner head in situations
where this step becomes rate-determining.
The increased propensity of short constructs
to limp, along with their large variation in
limp factor, may be explained by their greater
likelihood of axial misregistration, arising
from the reduced thermodynamic stability of
short coiled-coils.

In an alternative picture, limping may be
caused by an over- and underwinding of the
coiled-coil region generated during hand-
over-hand motion (Fig. 4B). Coiled-coils are

thought to have an asymmetric torsional com-
pliance because of their chirality (32); hence,
the energetic barrier (along with the overall
energetic cost) for winding the kinesin stalk
from its relaxed, equilibrium configuration
should differ with the handedness of rotation.
In the event that such torsional barriers affect
the rates of head advance, they could give rise
to kinetic alternation. The relative difference
in barrier height should be reduced with long-
er tethers, which are torsionally more com-
pliant, perhaps accounting for the decrease in
limping with increasing construct length (33).

None of the candidate mechanisms would
seem to offer an immediate explanation for
the experimental observation that only the
time constant for the slow phase of limping is
increased in shorter constructs, although such
an effect may be incorporated with additional
assumptions (34). Nevertheless, the mecha-
nisms do suggest experimental approaches
that should drive further single-molecule
work to explore these possibilities. Regard-
less of the mechanism giving rise to it, how-
ever, the finding that kinesin molecules limp
indicates that an asymmetric, hand-over-hand
model supplies the correct description of ki-
nesin stepping. Limping behavior may also
complicate the interpretation of earlier bio-
chemical kinetic experiments performed on
populations of soluble kinesin dimers: Such
molecules are generally derived from short,
bacterially expressed constructs, in which the
kinetic differences between the two heads are
most pronounced.
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A C. elegans CLIC-like Protein
Required for Intracellular Tube
Formation and Maintenance
Katherine L. Berry,1 Hannes E. Bülow,1 David H. Hall,2

Oliver Hobert1*

The Caenorhabditis elegans excretory canal is composed of a single elongated
and branched cell that is tunneled by an inner lumen of apical character. Loss
of the exc-4 gene causes a cystic enlargement of this intracellular tube. exc-4
encodes a member of the chloride intracellular channel (CLIC) family of pro-
teins. EXC-4 protein localizes to various tubular membranes in distinct cell
types, including the lumenal membrane of the excretory tubes. A conserved
55–amino acid domain enables EXC-4 translocation from the cytosol to the
lumenal membrane. The tubular architecture of this membrane requires EXC-4
for both its formation and maintenance.

The morphogenesis of biological tubes is
central to the development of a wide vari-
ety of metazoan structures, from the sim-
plest Cnidarian body plans to the vertebrate
respiratory, excretory, and circulatory sys-
tems. Although biological tubes form by
such distinct processes as the hollowing of
single cells and the folding of epithelial
sheets, in each case an inner lumen is sur-
rounded by a surface of apical character
generated by the polarized movement or
growth of vesicles or vacuoles (1, 2). How-
ever, the molecular mechanisms of tube
formation and subsequent maintenance are
not well understood.

A simple model of unicellular tube mor-
phogenesis is provided by the Caenorhab-
ditis elegans excretory cell, a single cell
that forms the major tubular component of
the four-cell nematode excretory system (3,
4). This cell extends branched processes,
termed canals, along the length of the body
on the basolateral surface of the epidermis

(Fig. 1A). These processes are tunneled by
an inner lumen that is closed at its four
endings and is presumed to collect fluids
and waste, which it then empties into the
excretory duct (5). In exc (for excretory
canal abnormal) mutants, the tubular struc-
ture of the excretory cell lumen is disrupted
by swellings termed cysts that have been
proposed to model tubulocystic kidney dis-
ease (6). The disruption of tubular mor-
phology in exc-4 mutants has been previ-
ously described as a cystic enlargement of
the canal’s interior lumen (6). Using green
fluorescent protein (GFP) markers that spe-
cifically label either the cytoplasm or the
apical surface of the canal, we confirmed
that in the exc-4 null allele rh133, the
morphology of the apical surface is altered
from a single, long, narrow tube to a set of
large, closely packed cystic enlargements,
some of which may be disconnected
spheres (Fig. 1B) (7).

We used single-nucleotide polymor-
phisms to map the exc-4 locus to a 130-kb
interval on chromosome I and found that a
polymerase chain reaction product encom-
passing the coding region of a predicted
intracellular ion channel protein fully res-
cued the mutant phenotype (7). Molecular
lesions in this putative channel protein are
present in all three exc-4 mutant alleles—

rh133, n561, and n2400 (Fig. 1C)—which
appear similar in the severity of the excre-
tory phenotype (94 to 100% of animals
were defective; n � 30). The rh133 allele
has an amber mutation in its sixth residue
and therefore presumably eliminates all
protein function.

The protein encoded by the exc-4 locus
is one of two C. elegans orthologs of the
human CLIC family of proteins (Fig. 1D).
Members of this family are small proteins
that have the unconventional property of
translocating from a globular cytosolic
form (8) to an integral membrane form with
chloride channel activity (9, 10). Although
it cannot formally be excluded that CLIC
proteins are channel-associated rather than
pore-forming proteins, the observations
that they confer chloride conductance to
transfected cells (8, 11–16) and that they
are alone sufficient to self-insert into mi-
crosomes to form chloride-conducting ion
channels (17–19) indicate that CLIC pro-
teins are important integral components of
a chloride channel. In cell and tissue cul-
ture systems, different CLIC family mem-
bers localize to distinct sets of intracellular
membranes, including the endoplasmic re-
ticulum, Golgi apparatus, nuclear mem-
brane, large dense core vesicles, secretory
vesicles, and sometimes the plasma mem-
brane, and they are expressed in many dif-
ferent tissue types (9, 20). An understand-
ing of the physiological role of CLICs has
been lacking because of the previous ab-
sence of animal models. Such a model is
now provided by exc-4 mutant animals.

We examined the expression pattern and
subcellular localization of exc-4 with fluo-
rescent reporter gene technology (7). The
gfp-tagged genomic exc-4 locus, which is
capable of rescuing the exc-4 mutant phe-
notype (7), shows expression in the excre-
tory system, hypodermis, vulva, pharyngeal
muscle, rectal gland, tubular rectal epithe-
lial cells, and tubular neuronal support cells
in the head and tail (Fig. 2) (21). EXC-4
protein showed highly specific patterns of
subcellular localization. In the excretory
system, EXC-4 localizes to the lumenal
membrane of the excretory cell, the duct,
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