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Abstract. Images, calculated from electron micrographs, results showing the structures of kinesin and ncd to be
very similar at atomic resolution, and homologous alsoshow the three-dimensional structures of microtubules

and tubulin sheets decorated stoichiometrically with to myosin, suggest that the two motor families may use
motor protein molecules. Dimeric motor domains mechanisms that have much in common. Nevertheless,

myosins and kinesins differ kinetically. Also, whereas(heads) of kinesin and ncd, the kinesin-related protein
conformational changes in the myosin catalytic domainthat moves in the reverse direction, each appeared to

bind to tubulin in the same way, by one of their two are amplified by a long lever arm that connects it to the
heads. The second heads show an interesting difference stalk domain, kinesin and ncd do not appear to possess
in position that seems to be related to the directions of a structure with a similar function but may rely on
movement of the two motors. X-ray crystallographic biased diffusion in order to move along microtubules.
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Introduction

Kinesins and myosins are molecular motors that hy-
drolyse adenosine 5�-triphosphate (ATP) in order to
translocate, respectively, on microtubules or actin
filaments, while transporting a wide range of cellular
components. In each case, the native molecules usually
consist of one or two motor domains (heads) attached to
some sort of tail that is thought to interact with the
component being transported or to form filaments in the
case of some myosins. The motor domains, prepared
either by proteolytic digestion or by expressing truncated
constructs, were shown to be sufficient for ATP hydrol-
ysis, interaction with the track and force production [1,
2]. Force production and movement must be accompa-
nied by structural changes in the motor domain-track
complex. The most widely accepted hypothesis for the
myosin mechanism is the swinging cross-bridge model,
in which (a part of) the myosin changes its angle while
attached to actin [3]. Relatively little is known about
how kinesin-related proteins move.

Microtubules and actin filaments have polar structures,
with the end that grows faster during assembly being
referred to as the plus end. Motor molecules detect the
polarity of the track and move in a defined direction.
All of the myosins so far found move towards the plus
end of an actin filament, whereas some of the kinesin-
related proteins, such as the Drosophila ncd (non
claret disjunctional) protein, move along a microtubule
in the opposite direction from conventional kinesin
[4, 5].
In order to understand how these molecular motors
move and how the direction of movement is deter-
mined, it is necessary to know how the structures of the
motor-track complex change during the ATPase cycle.
Structural studies of kinesin and ncd have progressed
rapidly in the last 5 years. The three-dimensional (3-D)
structures of kinesin and ncd motor domains com-
plexed with tubulin, studied by electron microscopy,
were first reported in 1995 [6–8], and the atomic
structures of monomeric motor domains were solved
by X-ray crystallography in 1996 [9, 10]. In this
review, our main focus is on the structures of kinesin* Corresponding author.
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and ncd, especially when bound to microtubules, in
comparison with the structure of myosin bound to

actin. We try to relate the structural information with
the possible mechanisms of motility.

Figure 1. Structures of myosin S1 versus kinesin/ncd motor domains. (a) A schematic comparison of the amino acid sequences of the
S1 fragment (motor domain plus long �-helical lever arm) of myosin and the motor domains of kinesin and ncd. �-Helical segments
are shown in black, and �-sheet strands are shown in grey. Dimeric motors studied by electron microscopy (fig. 4b) include a short piece
of coiled-coil, shown as a cross-hatched segment. The scale at the top shows amino acids in the myosin sequence numbered from the
N-terminus. The 25-, 50- and 20-kDa fragments obtained by proteolysis are also marked. A1 (405–415), A2 (529–558) and A3
(626–647) label points in the myosin sequence that are believed to contact actin [72] and seem to be functionally equivalent to kinesin
loops L8, L11 and L12, which probably contact tubulin. ELC and RLC refer to the essential and regulatory light chains of myosin II,
which are associated with the lever arm (762–842). Adapted from [9]. (b) Molecular structures of whole kinesin and ncd heavy-chain
dimers. In each case, the motor domains are connected via a coiled-coil stalk to a tail domain that interacts with the cargo. The
difference is that kinesin’s stalk and tail are at the C-termini of the motor domains; those of ncd connect to their N-termini. (c, d)
Ribbon representations of the atomic structures of chicken myosin S1 heavy chain (modified from [18]) and kinesin motor domain [62].
This orientation shows a clear view of the relative positions of the nucleotides, the myosin loops that are thought to bind to F-actin
and loops L8 and L12 of kinesin that are thought to bind face-on to microtubules. The arrowheads in (c) indicate the positions of the
hinge points (Gly 699 and Gly 710) at each end of the SH1-containing helix that allow movement of the lever arm. The arrowhead in
(d) indicates the start of the neck of kinesin that is thought to unpeel to allow the tethered catalytic domain more freedom to diffuse.
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Structures of the kinesin and ncd molecules

Native molecules of conventional kinesin and ncd are
homodimers (fig. 1b). Electron micrographs of rotary
shadowed molecules show molecules with two more-or-
less globular heads connected to a rodlike structure,
supposed to be a coiled-coil [11, 12]. The head of kinesin
corresponds to the N-terminal �340 amino acids (aa),
while the ncd head is at the C-terminus (fig. 1a). The
head contains the nucleotide-binding and track-binding
sites. The word ‘motor domain’, the domain that is
sufficient for motility, is usually used to refer to the
same part as the head, although there is no universal
definition in either case (reviewed in [13]). Recently, the
name catalytic core (or catalytic domain or motor core)
is often used for a 320–330-aa part of a motor domain
where the amino acid sequence is conserved throughout
the kinesin superfamily ([13, 14]; see fig. 1). Beyond the
catalytic core, there is a region called the neck, where
the sequence is conserved only within certain kinesin
classes [14]. For example, the catalytic cores of kinesin
and ncd are similar, with �40% amino acid identity,
but the necks are different.
Recent studies have shown that both the position and
sequence of the neck may be important in determining
the directionality (see below). For movement towards
the plus end, the precise sequence in some parts of the
neck is less important. In vitro motility assays using
multiple motors have shown that the 340-aa-long
Drosophila kinesin construct (consisting of the catalytic
core plus the start of the neck that contains two �-
strands attached to an 11-aa flexible random chain can
move microtubules at a velocity similar to that of the
wild-type kinesin [15]. However, without the precise
sequence in the �-strand region of the neck, the move-
ment was extremely slow or not detected.

Motor mechanism and structure

Knowing about the structures of motor proteins is
essential to understanding their mechanisms. They pro-
duce movement because local conformational changes
at the ATPase active site are linked to other parts of the
motor domains [3, 17, 18]. One set of linkages must
connect the ATPase site to the tubulin or actin binding
regions, affecting the binding affinity of the motor do-
main; this is because nucleotide turnover makes the
motor cycle between weakly binding conformations,
which readily detach from the track, and strongly bind-
ing conformations, which hold force. These linkages
work reciprocally, in that the binding of tubulin or actin
sends a signal in the reverse direction, altering the
affinity of the active site for nucleotides and speeding up
the process of product release. A second set of linkages
connects to the tail domain, allowing conformational

changes somewhere in the complex to pull on the load.
These linkages also work reciprocally, so that tension on
the motor molecule affects its affinity for nucleotides as
well as for the track (the so-called Fenn effect) [19, 20].
To understand how the active site, the track binding and
the load binding sites intercommunicate, it is essential to
visualise the structures of the motor molecules and the
way that they interact with subunits in the track.

Differences in the hydrolysis cycles of kinesin and

myosin

Mg·ATP hydrolysis in both kinesins and myosins in-
volves cleavage of the �-phosphate bond followed by
the release of phosphate (Pi) and subsequently of
Mg·ADP (adenosine 5�-diphosphate). However, the
transitions between weak and strong binding to their
respective tracks, microtubules or actin filaments, occur
at different points in the cycle. Myosin is unusual in that
the products of hydrolysis (Mg+ADP+Pi) are all
trapped in the active site if actin is not available for
interaction [21]. Binding to actin causes the release of Pi,
and the motor then locks strongly on to the track. In
contrast, Pi is released from kinesin and ncd before
re-binding to the track, but Mg·ADP remains trapped in
the absence of microtubules [20, 22]. Microtubule bind-
ing triggers Mg·ADP release, which leads to strong
binding.

2-D images of tubulin-motor complexes: polarity

When kinesin heads were first expressed in bacteria
using recombinant DNA, several groups [2, 23, 24]
showed that the heads can bind to microtubules with a
periodic spacing of 8 nm, corresponding to the length of
a tubulin heterodimer. This binding was visualised by
‘negative stain’ electron microscopy, in which the posi-
tions and shapes of protein molecules are revealed by
the holes they occupy in a layer of heavy metal. Song et
al. [25] also showed that the pattern of staining is
characteristically polar; opened-out tubulin sheets (see
fig. 3a) decorated with a monomeric construct of kinesin
have bands of dark, light and intermediate density (fig.
2). It is possible to relate the orientation of the pattern
to the plus and minus ends of microtubules by looking
at brain tubulin sheets growing from the ends of
microtubule ‘seeds’, such as pieces of flagellar axoneme
or centrosomes isolated from tissue-culture cells.
After some initial problems, results from different
laboratories are now in agreement on this point (see
[26–29]).
Images from unstained specimens in ice show reversed
contrast compared with negatively stained specimens.
Allowing for this difference, the two methods of speci-
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Figure 2. Kinesin and ncd bind to the same site on tubulin.
Tubulin sheets decorated with motor domains and then negatively
stained have an 8-nm repeating polar pattern, shown here as it
appears with microtubule plus ends oriented towards the top of
the page. (a, b) Comparison of high magnification images of
sheets decorated with monomeric motor domains, obtained by
computer analysis of many sheets (adapted from [28]): solid
contours represent higher protein density; dashed contours in-
clude more stain and thus less protein. (c, d) Individual decorated
sheets with visible ends (top of each figure), after computer
enhancement of the periodic signal and filtering out of noise.
Protein appears white here; surrounding stain is black ((c)
adapted from [26], (d) from [6]). Whether the decoration is with
kinesin or ncd, the pattern stops at the same stage at the end of
the sheet, suggesting that kinesin and ncd bind in the same way to
�- and �-tubulin.

Methods for obtaining 3-D structures of tubulin-motor

complexes

Since the electron microscope provides only projected
views of 3-D objects, the structures of molecular com-
plexes are not directly apparent. However, 3-D density
maps can often be produced by computer processing of
views from different angles. Because of the high back-
ground noise in electron microscope images, it is also
essential to average data from many structural units.
In the presence of zinc ions, tubulin forms wide, well-
ordered sheet structures, in which neighbouring proto-
filaments are antiparallel. Combining the micrographs
taken by tilting these sheets through a variety of angles
in the electron microscope, the 3-D structure of tubulin
molecules has been successfully obtained at a high reso-
lution [38]. Zinc sheets have not, however, been used to
study the structure of motor-tubulin complexes, because
it seems that kinesins bind only poorly to zinc sheets
[39].
Three methods have been used to study the structures
of motor molecules complexed with tubulin: helical
reconstruction of symmetrical microtubules, 2-D crystal
analysis using a tilted series of views of parallel tubulin
sheets and back projection of twisted microtubules [40].

Figure 3. Various polymers of tubulin. All known tubulin poly-
mers consist of polar arrangements of longitudinal protofilaments
(pfs), each of which is a linear arrangement of ��-tubulin het-
erodimers (represented here as a light monomer above a dark
monomer). The lower dimers are shown decorated with
monomeric motor domains (white). The tubulin sheet in (a) is
essentially an opened-out microtubule (mt). Purified tubulin as-
sembles mainly into the so-called B-lattice, in which heterodimers
in adjacent protofilaments line up at a shallow angle. Most
natural microtubules have 13 exactly longitudinal protofilaments,
as in (b), but those assembled in vitro vary in pf number. Both the
13-pf (b) and 14-pf mts exhibit a ‘seam’ where lateral contacts are
between light and dark subunits (the so-called A-lattice) rather
than between like subunits. (d) Natural 16-protofilament micro-
tubules (right) are apparently always seamless and, therefore,
helically symmetrical, with two shallow dimer helices. In struc-
tures (c) and (d), the protofilaments twist very slowly around their
tubes.

men produce very similar results overall, except that
stain gives particular emphasis to the top part of an
attached motor domain, presumably because it excludes
stain more completely. This leads to the lines of strong
density running across the images in figure 2 [30].
One question addressed using electron microscopy is
whether the opposite movements of kinesin and ncd
could be explained in the way they bind to tubulin.
However, the idea that ncd might move in the opposite
direction to kinesin by binding to tubulin in the oppo-
site orientation has been disproved fairly conclusively.
The first indication was that tubulin sheets decorated
with kinesin or ncd (fig. 2) show the same polarity [26,
28].
Both kinesin and ncd bind strongly to microtubules in
the absence of nucleotides or in the presence of 5�-
adenylylimidodiphosphate (AMP-PNP), a nonhy-
drolysable ATP analogue, but weakly when the
nucleotide bound is ADP [31]. Both kinesin and ncd
in all these three states were shown to bind in the
same orientation, to equivalent sites on tubulin [6, 32].
The 3-D images referred to below (see fig. 4), show-
ing motor molecules attached to microtubules or tubu-
lin sheets [6–8, 33–37], also show kinesin and ncd
heads to have very similar shapes and interactions with
tubulin.
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Figure 4. Comparison of different 3-D images of tubulin-motor-
protein complexes. (a) Merged 3-D images of negatively stained
16-protofilament microtubules decorated with monomeric ki-
nesin motor domains (adapted from [6]). Successive helical turns
show results for different nucleotide conditions, and lines on
either side indicate the change in tilt of a projecting feature,
from roughly horizontal (ADP-bound state, kinesin head labeled
D) to 45° (the nucleotide-free state, head labeled N and the
AMP-PNP-occupied state, head labeled M). The difference in its
position in the ADP-bound state, as compared with the other
two states, is one indication of conformational changes between
different nucleotide states. (b) Merged 3-D images of frozen-hy-
drated microtubules (adapted from [30, 33]). Parts of an undeco-
rated microtubule (from [30]) are shown, together with images
(from [32, 33, 77] of attached monomeric kinesin (K), dimeric
kinesin (attached head K1, tethered head K2) and dimeric ncd
(attached head N1, tethered head N2). The top and bottom rows
of dimers are in nucleotide-free states, the three central rows of
heads have bound AMP-PNP.

about the structures of motor proteins interacting with
tubulin.
Hoenger et al. [7] used tubulin sheets consisting of
parallel protofilaments, which are opened-out micro-
tubules (figs 2 and 3a), for studying the structure of
motors bound to tubulin. The decorated sheets were
flattened onto a carbon film by negative staining, to
obtain 2-D crystalline arrays of the motor-tubulin com-
plex. Reconstruction from negatively stained sheets pro-
vides relatively high resolution in the plane of the
sheets, but lower resolution in the direction perpendicu-
lar to the lattice plane.
Helically twisted closed tubules do not require tilting
since they present a 360° range of views of the repeating
unit in a single image, and if the entire arrangement is
helically symmetrical, information from many different
subunits with a known relationship to each other can be
readily combined. The helical reconstruction method
has long been used to calculate 3-D structures of
myosin-actin complexes [41–46]. Helical reconstruction
of microtubules has been more difficult because most
lack the required symmetry. Most of the microtubules
occurring in vivo have 13 protofilaments (fig. 3b) which
run exactly parallel to the microtubule axis and thus do
not present a changing view of the structure. Micro-
tubules polymerised from purified tubulin in vitro most
commonly have 13 or 14 protofilaments, but some have
fewer or more. If the protofilament number is not 13,
then they follow a steeply sloping helical path [47], so
that a single image of a microtubule has sets of tubulin
subunits viewed from many angles.
The underlying arrangement of tubulin dimers is clearly
revealed when microtubules are decorated with motor
domains and tends to follow the so-called microtubule
B-lattice [23], with dimers in adjacent protofilaments
almost lined up. It was predicted that microtubules
consisting of 11–15 protofilaments have a discontinuity
(‘seam’), where 2 neighbouring protofilaments have an
A-lattice-like join (fig. 3b, c) [47]. The presence of such
seams was confirmed by freeze-etching microtubules
decorated with kinesin heads [48]. Microtubules with 10
or 16 protofilaments, on the other hand, were predicted
to have true helical structures without seams, but such
microtubules are unfortunately rare in normal prepara-
tions of reassembled pure tubulin. Kikkawa et al. [8]
have calculated 3-D maps by analysing 10-protofila-
ment microtubules in preparations of reassembled brain
microtubules. Hirose et al. [6, 30, 33] used natural
16-protofilament microtubules that occur in the sperm
tails of some insects [49], including crickets, for helical
3-D reconstruction.
A method using back projection was applied to twisted
microtubules with and without seams [35, 50, 51]. The
resulting images did not show very much detail, but the
main value of this work was to show that an unexpected

The number of protofilaments contained in a micro-
tubule or a sheet used for all these studies is con-
siderably less than that in zinc sheets. This results in
a relatively low resolution (20–40 A� compared with
�4 A� electron crystallography using zinc sheets). Nev-
ertheless, the results provide valuable information
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proportion of the 15-protofilament microtubules re-
assembled from purified brain tubulin are helically sym-
metrical. Images of 15-protofilament microtubules are
more easily obtained, because �10% of the micro-
tubules reassembled in the solution containing DMSO
have 15 protofilaments [52]. Helical 15-protofilament
microtubules have been used in recent studies of the
3-D structure of motor-microtubule complexes [32, 34,
36, 53].

3-D images of monomeric motors tightly bound to

tubulin with AMP-PNP

3-D structures of monomeric kinesin heads complexed
with tubulin in the presence of AMP-PNP, imaged by
negative staining or ice embedding, have been reported
by three different groups; 340–360 N-terminal residues
of rat [6, 33, 53], mouse [8] and human kinesin heavy
chain [28] all show similar conformations. The kinesin
heads bind to the left half of the protofilament when the
plus end is towards the top of the figure [26, 28] (see fig.
4).
A monomeric construct of ncd (366 C-terminal
residues) bound to tubulin sheets showed a similar
structure to kinesin heads [7, 37]. As already seen in 2-D
images, ncd heads bind to equivalent sites on the tubu-
lin dimer. This weighs further against models in which
kinesin and ncd would move in opposite directions
because they bind to tubulin with a different polarity or
to different binding sites. Kinesin and ncd each seem to
make contact with both � and � tubulin, as seen most
clearly in cross-sections (e.g. [33]). This agrees with
results from cross-linking studies [54, 55] and a blot
overlay assay [56].

3-D images of dimeric motors tightly bound to tubulin

with AMP-PNP

The two heads in a whole kinesin molecule are paired
by coiled-coil segments at their carboxyl termini,
whereas pairs of ncd heads are connected at their amino
termini. Recombinant motor domains with a short
coiled-coil segment can associate into dimers. It was
reported that the N-terminal 365 residues of Drosophila
kinesin heavy chain are predominantly monomeric and
the constructs longer than 381 amino acids are predom-
inantly dimeric [57].
Dimeric kinesin and ncd tightly bound to microtubules
in the presence of AMP-PNP have been imaged in ice,
and their 3-D structures calculated [33, 34, 36, 53].
Hirose et al. [33] and Arnal et al. [34] obtained quite
similar results. In averaged maps of both kinesin and
ncd dimers (see fig. 4b), only one of the two heads is
directly attached to the microtubule, whereas the other

head is tethered to the first head. Although the attached
heads of dimers are essentially identical to attached
monomeric heads, the unattached second heads em-
anate from slightly different points on the first heads
and tilt in different directions; kinesin’s second head lies
closer to the plus end, whereas ncd’s points towards the
minus end.
The second heads of ncd in the images were as large as
the attached heads and must have been tethered in a
fixed position to appear like this. The second heads of
kinesin, on the other hand, appear smaller, or even
invisible in the maps calculated by some groups [53].
The reduced density of the second head in the averaged
maps is likely to result from disorder of this head,
because the second head is not directly attached to the
microtubule, and connected only through a single
amino acid chain in the neck unless there are extra
associations between the head and neck or between the
two heads. Another possible reason for the reduced
density of the second head is that some of the dimers
may bind with both heads to two tubulin dimers. Thor-
mählen et al. [29] reported that tubulin sheets can be
decorated with dimeric kinesin with a 16-nm banding
periodicity, indicating that two heads of a kinesin dimer
can bind to successive 8-nm-long tubulin dimers. But
our results suggest that few molecules can be in this
state when saturating levels of kinesin are mixed with
microtubules.
Kinesin is thought to move along a microtubule using
the two heads in a hand-over-hand fashion. Obviously,
during the course of ‘walking’ along a microtubule,
using the two heads alternately, a dimeric kinesin
molecule should bind to a microtubule with both heads
for a brief period, and then one of the heads should
detach to search for the next binding site while the other
is still attached. Thus, it is reasonable to expect two
binding conformations: one with one head and the
other with two heads. The proportion of these two
conformations in the works described above must de-
pend on the experimental conditions, such as the con-
centration of the proteins, or the timing in mixing
kinesin, tubulin and nucleotides. There is also a dis-
agreement about the binding stoichiometry of kinesin as
measured by biochemical methods: the number of ki-
nesin dimers that bind to a tubulin dimer ranges from
0.5 to 1 [24, 29, 31, 58, 59].
Hirose et al. [33] showed that the density levels of
tethered heads in their images were significant by calcu-
lating difference maps comparing microtubules deco-
rated with double-headed and single-headed motors. It
is therefore fair to conclude that the images in figure 4b
reveal an important structural difference between ki-
nesin and ncd dimers.
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Atomic structures of motors and tracks

The atomic structure of the myosin motor domain was
first determined using chicken skeletal muscle myosin
subfragment-1 (S1) without bound nucleotides [60].
The structure showed the N-terminal 770-aa catalytic
core domain (see fig. 1) that contains the nucleotide
binding and actin binding sites, connected to an 8.5-
nm-long �-helical neck to which two light chains bind
(fig. 1). It was suggested that the myosin neck works as
a ‘lever arm’ that amplifies the small conformational
changes within the catalytic core. Subsequently, the
atomic structures of the myosin motor domains com-
plexed with various nucleotides were solved (discussed
below).
The motor domains of kinesin and ncd with bound
ADP have also been studied by X-ray crystallography,
and their 3-D structures solved to atomic resolution (see
figs 5 and 6). Comparison of the catalytic cores of
human kinesin and Drosophila ncd showed that these
structures are closely similar [9, 10]. The central core
of each structure consists of a seven- to eight-stranded
�-sheet sandwiched between two sets of three �-he-
lices; nucleotide binds to a site near one end of this
structure during the active cycle. The similarity was
probably not so surprising, considering that kinesin
and ncd have high amino acid sequence similarity, but
it left the question as to how these motors can move in
opposite directions. Structural similarity in the cata-
lytic core was also found in another minus end-
directed kinesin-related protein, Kar3 [61].
Quite surprisingly, the 320-residue catalytic core do-
mains of the kinesin family are also structurally related
to the �700-residue motor domains of the myosin
family, which have no apparent sequence similarity to
kinesin [18]. These have essentially the same core struc-
ture (fig. 1c, d); only one �-strand within the cores of
kinesin and ncd cannot be aligned with a similar fea-
ture in myosin. But the larger stretches of polypeptide
that loop out from the myosin motor core are respon-
sible for doubling its overall size compared with ki-
nesin and ncd. These loops include segments that bind
to actin or tubulin (see fig. 1). Despite the structural
similarity within the catalytic core domains, the neck
domains of myosin, kinesin and ncd were found to be
very different: kinesin and ncd necks do not have a
long �-helical lever arm as in myosin. The kinesin
neck, visualised in the recent crystal structures of
monomeric and dimeric rat kinesin motor domains [62,
63], consists of two �-strands (�9 and �10), and a
segment of coiled-coil (figs 1b, d and 5; also see [64]).
The neck of ncd, which is at the N-terminus of the
catalytic core, has a coiled-coil structure, and is sand-
wiched between the two catalytic cores in the crystal
structure of dimeric ncd (figs 1b and 6) [16]. Connected

via different necks, the two heads of kinesin and ncd
molecules are arranged in different ways: two kinesin

Figure 5. Dimeric kinesin motor domains at atomic and EM
resolution. (a, b) Ribbon diagram of the crystallographic struc-
ture of dimeric rat kinesin [63]. (a) 120° rotation between the
two heads. The heads make contact via loops L8b in head A
and L10 in head B, as well as being bound together through the
coiled-coil. The kinesin neck connecting the catalytic domain to
the coiled-coil stalk is better seen in figure 1d. (b) The view from
the front for the orientation with which we docked it into the
map shown in (c), with head B as the directly attached motor
domain. Bound ADP molecules are shown in contrasting
colours. (c) 3-D image of a microtubule decorated with dimeric
kinesin in the presence of ADP [77]. The directly attached (K1)
and tethered (K2) heads are labeled for one kinesin dimer.
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heads are related by 120 degrees rotation, whereas the
ncd dimer structure has a twofold symmetry (figs 5 and
6).
The structure of the tubulin dimers that make up micro-
tubules has been determined at 3.7 A� resolution by
electron microscopy of large 2-D crystals (electron crys-
tallography) formed in the presence of zinc, and an
atomic model has been fitted into it [38]. Since the
crystals consist of protofilaments equivalent to those in
microtubules, the structure shows the longitudinal inter-
action between tubulin heterodimers as well as that
between monomers within a heterodimer. Each
monomer consists of two globular domains, arranged
on either side of a central �-helix, plus a C-terminal pair
of helices that occupy a ridge on the protofila-
ment surface. The N-terminal globular domains are
homologous to the nucleotide binding domain of pro-
teins like glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) which have a classical Rossmann fold [65]
and bind guanosine 5�-triphosphate (GTP) in a pocket
on the interface that contacts the next monomer along
the protofilament.
The atomic structure of actin monomers has four
roughly equal subdomains [66–69] and has no apparent
relationship to tubulin, despite the similarities between
myosin and kinesin. The structure of an actin filament
was found by determining the orientation of G-actin
monomers, arranged to form a filament, that gave best
agreement with an X-ray pattern obtained from a gel of
aligned actin filaments [70, 71].

Fitting of atomic structures into EM structures

In order to investigate the interactions between motors
and tracks, the atomic structures have been fitted into
3-D density maps of motor-track complexes derived
from cryo-electron micrographs. The atomic structures
of myosin S1 and the actin monomer fitted into 3-D
density maps of the actin-myosin complex [72, 73]
showed separate regions of the motor domain interact-
ing with two neighbouring actin monomers (see fig. 1).
For the microtubule motors, several groups have fitted
the kinesin or ncd crystal structures into the EM maps
of the motor-microtubule complex, but there is not yet
a consensus for the orientation of the motors relative to
tubulin. The reasons for the difficulty in determining the
precise orientations are (i) the motors look relatively
featureless at the current resolution of the EM maps; (ii)
the atomic structures or the motors are known only for
the ADP state, but it is difficult to obtain 3-D maps of
motor-tubulin complexes in the weakly binding ADP
state (described below).
Sosa et al. [36] and Hoenger et al. [53] docked
monomeric ncd and kinesin crystal structures into EM
maps of the motors strongly bound to microtubules in

Figure 6. Dimeric ncd motor domains at atomic and EM
resolution. (a) Ribbon diagram of dimeric ncd as in the crystal
structure [16] with the two heads related about a twofold axis
along the axis of the coiled-coil. In the crystal structure, the
neck domains (shown coloured) at the N-termini of the ncd
catalytic domains form a continuation of the coiled-coil stalk
(see fig. 1), but this structure is probably unstable [16]. In (b)
each head has been rotated so as to preserve a twofold relation-
ship while bringing it into the orientation with which we docked
it into the map shown in (c). Bound ADP molecules are shown
in contrasting colours. (c) 3-D image of a microtubule deco-
rated with dimeric ncd in the presence of ADP [32]. The directly
attached (N1) and tethered (N2) heads are labeled for one ncd
dimer.
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the presence of AMP-PNP. The orientations chosen for
the directly bound heads were similar and appeared to
be in agreement with most of the data obtained by
biochemical and mutagenesis studies [74–76]; both ki-
nesin and ncd were oriented so that the loops, L8, L11
and L12, known to be involved in binding to tubulin,
lay on the side facing the protofilament.
The crystal structures of dimeric kinesin and ncd were
also fitted into the EM maps. Docking of the dimeric
ncd crystal structure, with the bound head in the orien-
tation described above, appeared to give a reasonable
result [16], although the dimer would need to be greatly
distorted in order to fit into the density in our 3-D maps
(see fig. 6) [77]. The crystal structure of dimeric kinesin
[63] could not be docked into EM density by Hoenger et
al. [53] because their map was reported not to show any
density corresponding to the unattached head. They
suggested this was because the neck coiled-coil sepa-
rated upon binding to a microtubule, and the two heads
then bound to separate tubulin dimers. With one of the
heads of the dimeric crystal structure docked into the
density of the bound head in an orientation equivalent
to the docking of ncd by Sosa et al. (1997), the neck
coiled-coil pointed obliquely into the microtubule
surface.
Kozielski et al. [78] and Hirose et al. [77] obtained EM
maps of dimeric kinesin complexed to tubulin in the
weakly bound, ADP state (see below), and used them
for fitting the crystal structures of kinesin·ADP. For
reasons that are not yet clear, the positions in these
studies of the heads that are not directly bound are
different, top-right of the bound head in Kozielski et al.
and top-left in Hirose et al. when the plus end is
towards the top of the picture (see below). Accordingly,
the orientations chosen for fitting the kinesin structure
are different. Both these orientations and that adopted
by Sosa et al. and Hoenger et al. placed the point of the
heart-shaped monomer, including L10 (see fig. 5a), at
the top of the directly attached heads, but the disagree-
ment occurs in the angle of rotation about the vertical
axis.
The orientation chosen by Kozielski et al., with ‘head
A’ of the crystal structure in the EM density of the
bound head, has the neck coiled-coil pointing well away
from the microtubule but has the drawback of placing
the contact that kinesin makes with tubulin on the
opposite surface from the studies described above, leav-
ing the ‘tubulin-binding’ loops L11 and L12 on the
exposed surface of the motor domain. To explain this,
they suggested that kinesin might associate with micro-
tubules via different surfaces at different stages in the
motility cycle. Hirose et al. [77] placed ‘head B’ in the
density of the bound head in their kinesin·ADP map
and found the best fit in a different orientation. Al-
though it was rotated by �60 degrees compared with

that chosen by Hoenger et al., the loops thought to be
involved in tubulin binding still faced towards the mi-
crotubule, yet the coiled-coil segment was clear of the
microtubule surface (see fig. 5b, c) [77].
Atomic coordinates for the ��-tubulin heterodimer
dock well into EM maps in a fairly unique orientation
with the nucleotide binding site of �-tubulin at the
faster-growing (plus) end. Lateral contacts between pro-
tofilaments involve a long hinged loop, which has been
called the M loop [79], interacting with helix H3 on one
side of the GTPase domain. This arrangement was first
demonstrated in a 20-A� resolution EM map of an
undecorated microtubule [79]; we have found the coor-
dinates dock well in the same orientation into maps of
decorated microtubules [Hirose et al., unpublished re-
sults]. Two long C-terminal helices, H11 and H12, in
each tubulin monomer, occupy a ridge on the outside of
a protofilament. The motor domains bind to a region
that extends sideways between this ridge and helix H3
on the GTPase domains, while longitudinally the region
is centered on the intradimer contact. Thus, the top half
of a head interacts with the lower part of �-tubulin and
the bottom half of the head with the upper part of
�-tubulin.
Mutagenesis studies on kinesin [75] indicate that the
residues important for interacting with tubulin are con-
centrated in a triangle defined by loops L8, L11 and
L12, with the most crucial sequences being on L12 and
the adjoining helix �5. This region interacts with �-
tubulin. The interaction with �-tubulin may be weaker
but appears to be important in the weakly binding ADP
state [77]. The mutagenesis study also suggested that the
entire interface is dominated by ionic interactions, in
which positively charged groups on kinesin bind to
negatively charged groups on the surface of tubulin.
The docking orientation of Sosa et al. and Hoenger et
al. and the orientation that we favor [77] would both
satisfy this prediction, putting the main contact surface
on one side or the other of loop L11. The difference is
that the first docking orientation would put L12 and �5
in direct contact with �-tubulin, even in the weakly
binding ADP state. According to our results, there is a
conformational change in the region of L12 and �5, in
the transition from the ADP to the tightly bound states
(see later). We predict that this change moves these
crucial structures closer to tubulin and is responsible for
the increase in binding affinity.

Conformational changes associated with nucleotide

turnover in myosin

The original tilting cross-bridge model was proposed
for myosin [80] soon after myosin cross-bridges were
first observed between myosin thick filaments and actin-
containing thin filaments, by electron microscopy of
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muscle sections. There was, however, little evidence to
support the model until recently. Attempts by electron
microscopy to visualise a structural change have been
repeatedly frustrated because it is difficult to saturate
F-actin with S1 in the weak binding Mg·ADP·Pi initial
attachment state and because molecules attach to actin
at many different angles in the presence of ATP. More
recent 3-D maps from cryo-EM images of smooth mus-
cle and brush-border myosin heads bound to actin
filaments [45, 46, 81] showed differences between the
rigor (no nucleotide) and ADP-containing states: the
bulk of the motor domain looked similar in both states,
but the lever arm appeared to have rotated by 20–30
degrees as a consequence of losing bound ADP. The
observed rotation corresponds to the 3–7 nm move-
ment towards the plus (barbed) end of the actin
filament. This was in agreement with the model in
which the neck (light-chain binding region) of myosin
works as a lever arm to produce movement of the
molecule. However, the observed movement was associ-
ated with ADP release, not with phosphate release,
which is thought to be the force-producing step. Also,
no movement appears to occur in skeletal muscle
myosin when Mg·ADP is released [82].
In the absence of actin, the structures of myosin heads
complexed with various ADP and ATP analogs were
studied at atomic resolution by X-ray crystallography.
Crystal structures of the truncated Dictyostelium
myosin heads (without the lever arm region) complexed
with pyrophosphate, ADP·BeFx (beryllium fluoride),
ADP·AlF4 (aluminium fluoride), ADP·Vi (vanadate),
ATP�S, AMP-PNP or ADP [83–86; also reviewed in 3,
87–89] provide direct evidence for nucleotide-depen-
dent conformational changes in myosin. The structures
have been divided into two classes. The ADP·BeFx,
pyrophosphate, ATP�S and AMP-PNP complexes are
thought to be analogues of a myosin·ATP state, and
these structures are similar to each other. They are also
similar to the ADP complex, and the original structure
of chicken myosin that is without nucleotide but has
sulfate in the active site. With ADP·AlF4 and ADP·Vi,
which are thought to mimic the transition states for
nucleotide hydrolysis, there is a movement in the switch
II element (Asp463-Glu 468 in chicken skeletal muscle
myosin). This conformational change is accompanied
by the partial closure of the large cleft in the 50-kDa
domain (fig. 1), and a twist in the switch II helix
(475–506 in chicken). The switch II helix runs from the
active site to a so-called converter region (residues 711–
767 in chicken). The twist in this helix results in a
change in the two helices containing the reactive cys-
teine residues, SH1 (Cys 707) and SH2 (Cys 697), and
the converter region. A rotation of approximately 70°
around the glycine residue at the end of the SH1-con-
taining helix is observed.

The converter region is followed by the �-helical lever
arm region, though this region was not present in the
truncated construct of the Dictyostelium myosin motor
domain used for the crystallisation. Modeling the lever
arm region into the Dictyostelium myosin structure with
ADP·Vi showed that the C-terminal end of the lever
arm could be rotated by as much as 12 nm compared
with the chicken myosin structure without nucleotide
[87]. Fitting these atomic structures into the EM maps
of the myosin-actin complex showed that the movement
of the tail with respect to actin is towards the minus
(pointed) end of the actin filament during transition
from the ADP·BeFx (ATP-like) to the ADP·Vi (transi-
tion state) structures, which are weakly bound states of
myosin. Thus the lever arm is expected to swing back
towards the plus (barbed) end to produce a ‘power
stroke’ sometime during the product release.
Although it was a very attractive result, there was some
uncertainty in this interpretation of movement of the
lever arm, because considerable structural disorder was
observed in the converter domain, which is at the C-ter-
minus of the truncated Dictyostelium myosin, and also
because presence of the light chains might affect the
orientation of the converter region and the lever arm
[85]. However, the recently reported structure of the
smooth muscle myosin motor domain crystallised with
the essential light chain ([90], also reviewed in [91])
showed that there is indeed a large angular change in
the lever arm region. The converter region in the new
crystal structure with ADP·AlF4 was rotated by �70°
compared with that in the chicken S1 structure. A
comparison between the positions of the lever arm
regions in these crystals showed that the C-terminal end
of the lever arm may indeed be moved by �12 nm.
We still have to keep in mind when interpreting these
data that it is not totally clear how precisely crystal
structures with nucleotide analogues mimic the real
intermediate structures during the ATPase cycle, espe-
cially the structures when myosin is interacting with
actin. Also, there could be more than one structural
state corresponding to any one nucleotide state, and it
is possible that only one of these conformations is stable
enough to exist in a crystal. In fact, the structure of
smooth muscle myosin with ADP·BeFx was very simi-
lar to the ADP·AlF4 structure [90], whereas Dictyos-
telium myosin structure with ADP·BeFx was
‘ATP-like’, and similar to the nucleotide-free chicken S1
structure. It seems now clear, however, that there are at
least two different myosin conformations and that the
change from one to the other can produce a large
motion in the C-terminal �-helical neck domain.
In solution, the movement may be even more dramatic
than those seen in the crystal structures, since two
cysteines known as SH1 and SH2, that can be cross-
linked [92, 93] in the ADP·Vi state in solution (thereby
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trapping ADP·Vi in the active site) are still 18 A� apart
in the crystal structures, at opposite ends of a kinked
�-helix between the active site and the lever arm. In-
tramolecular movement of the myosin motor domain in
solution was also observed using fluorescence resonance
energy transfer measurement [94]. The truncated Dic-
tyostelium myosin motor domain was fused with green
and blue fluorescent proteins at the N- and C-termini,
respectively. The distance between the two fluorescent
proteins changed in the presence and absence of various
nucleotides.
There is additional evidence to support rotation of the
lever arm. Uyeda et al. [95] made Dictyostelium myosin
mutants with various lengths for the lever arm region,
by deleting or adding extra light chain binding sites,
and found that, up to a certain limit, the velocity of
actin filament sliding is linearly related to the length of
the neck. Similar results were obtained when the neck
region was replaced by one or more repeats of �-actinin
[96].
However, there are some experimental results that are
difficult to explain by a simple ‘lever-arm swinging’
model. For example, the displacements, measured by
some groups, that myosin can produce during a single
interaction with an actin filament are too large (�20
nm) [97, 98] to be explained by a single power stroke of
the 8.5-nm lever arm or by the transition between the
two conformations observed in the crystal structures
(�12 nm displacement). But other groups reported
smaller values (�10 nm or smaller) [99, 100] that are
consistent with the theory. Recent results measuring the
displacement produced by a single myosin S1 attached
to a scanning probe showed one to five substeps within
a single displacement of 5–30 nm, which is probably
produced utilising a single ATP molecule [98]. Each
substep was �5.3 nm, which is close to the distance of
neighbouring actin molecules. If these results are true,
how are they related to the two conformations seen in
the crystals? We may have to reconsider the assumption
that each structural state corresponds to a single bio-
chemical or mechanical state.

Conformational changes in microtubule-motor

complexes

Whereas the neck region of myosin consists of a long
�-helix which is thought to work as a rigid lever arm,
the atomic structures of kinesin and ncd show that their
neck regions are unlikely to act as levers. Experiments
showing that a monomeric 340-residue kinesin motor
domain with an artificial flexible sequence attached to
its C-terminus can still translocate microtubules [15]
also make it unlikely that there is a lever arm outside
the motor domain which is necessary for motility. If

there are directed movements, they should occur within
the motor domains (the catalytic core plus a part of the
neck) and may be detectable by studying motor do-
mains in different nucleotide states. However, kinesin
and ncd are purified with an ADP molecule tightly
bound to each head, and removal of ADP in the ab-
sence of microtubules causes denaturation of the mo-
tors [31]. All of the crystal structures of kinesin-related
proteins so far obtained are in the ADP states, and
there is as yet no crystallographic evidence for confor-
mational changes in kinesin or ncd. However, confor-
mational changes in the motor domains at different
stages in the kinetic cycle are being studied by electron
microscopy [6, 32, 77] (see figs 4–6).
As mentioned above, kinesin heads bind to the same
position on the tubulin dimer, whether the nucleotide
binding site of kinesin is empty or occupied. The 3-D
images show subtle changes in the attached motor do-
main. The first evidence came from negatively stained
images of monomeric kinesin (fig. 4a) in which a small
protruding piece of structure (seen on the left side of the
attached motors in fig. 4a) appeared to point in a
direction at right angles to the microtubule axis in the
ADP-bound state but was tilted towards the plus end in
the nucleotide-free and AMP-PNP-occupied states.
Maps of dimeric kinesin imaged in ice (figs 4b and 5)
show more dramatic changes in the positions of the
second heads, which probably amplify any changes in
the attached heads.
In the absence of nucleotide, the tethered head of
dimeric kinesin tilts downwards from its position in the
ADP state (bottom row of fig. 4b compared with 5c).
Thus, if the underlying top part of the attached head
tilts upwards, the tethered head must rotate downwards
about its point of attachment to the bound head. In the
ATP-like (AMP-PNP) state, the tethered head of
dimeric kinesin (second row from the bottom in fig. 4b)
swings over to the right-hand side of the bound head,
while the negatively stained image suggests that the
pointed structure remains more or less in the same
position as in the empty state. There is no evidence,
therefore, that a large change in the attached head is
responsible for moving the tethered head from one
position to another. Thus, the largest movement that we
see between different maps does not appear to be pro-
duced by any kind of leverage. An alternative model to
account for the difference between the maps for the
nucleotide-free and ATP-like states is for nucleotide-
dependent conformational changes in the bound head
to cause the tethered head to dissociate and reassociate
with the bound head differently [101]. It is possible that,
whereas the bound head corresponds to ‘head B’ and
the tethered head to ‘head A’ in our maps of the
ADP-filled (fig. 5) and empty (fig. 4b) states, the two
heads may reverse their relationship in the ATP-like
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state. It is also possible that there are other ways of
interaction between the two heads or the head and the
neck in these different nucleotide states, which may not
be seen in the crystal structures of kinesin with ADP.
Kozielski et al. [78] have obtained a different structure
for kinesin bound in the presence of ADP, with the
tethered head close to the microtubule surface, to the
top-right of the bound head. There may be two differ-
ent stages in the kinetic cycle when kinesin·ADP is
attached to the microtubule: one may occur soon after
ATP hydrolysis, and the other after detaching and
re-binding to the microtubule with ADP still bound (the
‘initial’ binding state). Upon binding to tubulin, ADP is
released, and the motor settles down into the empty
state. Our specimens were produced by decorating mi-
crotubules in the absence of nucleotide and by adding
ADP just before freezing. It seems likely that the motor
domains were then driven backwards into the ‘initial’
ADP state. The specimens of Kozielski et al., on the
other hand, were incubated in a phosphate buffer with
ADP for 5 min and may have been in a state similar to
the ADP·Pi or ADP states that occur before detach-
ment from tubulin. This difference may help us to
understand the complete cycle of conformational
movements.
Conformational changes in tubulin could also con-
tribute to movement. However, although Hoenger et al.
[7, 37] reported significant rearrangements in a micro-
tubule when kinesin or ncd molecules bind to it, Hirose
et al. [30] found only small changes. Both groups agree
that the tubulin lattice parameters remain unchanged.
Hirose et al. [6] also saw no obvious change in the
tubulin lattice when varying the nucleotide state of
kinesin. The only significant change seen in our maps is
that the �-tubulin subunit tilts when kinesin or ncd is in
a strongly bound state, compared with when they are
weakly bound or absent [32, Hirose et al., unpublished
results]. Nevertheless, it is possible that more significant
transient changes occur during active movement.

The kinesin/ncd directionality problem

The motor domain of kinesin is at the N-terminus,
whereas the ncd motor domain is at the C-terminus. So
far, all the kinesin-related proteins that have the motor
domain at the N-terminus move towards the plus end,
whereas all the C-terminus motors with known direc-
tionality move towards the minus end (see Kinesin
HomePage [105]). In 3-D images, as described above,
while kinesin and ncd motor domains bound to tubulin
are almost indistinguishable, the second, unattached
heads of dimeric molecules are differently oriented (fig.
4b). The second head of a kinesin dimer, joined to the
attached head at its C-terminus, is oriented towards the

plus end in the presence of AMP-PNP, while the second
head of ncd, joined at the N-terminus to its partner,
points towards the minus end [33, 34]. Appropriate
positioning of the free head by the bound head will
clearly help to bias the direction in which the free head
moves. However, it is not in itself enough to explain
how kinesin and ncd move in opposite directions, be-
cause monomeric kinesins can move microtubules also.
Two heads of a dimeric motor are connected to each
other through the neck (see figs 1, 5 and 6). Recent
studies using chimaeric motors suggest that the direc-
tion of movement is determined by the neck region. The
structures of the necks of kinesin and ncd are very
different: the kinesin neck includes �-strands (�9 and
�10; see fig. 1d), as well as a stretch of �-helix that
makes a coiled-coil, and the ncd neck has an �-helical
structure (see fig. 6) that is probably unstable. It has
been suggested that conformational changes in the neck
regions cause the motility of the motors in the opposite
directions [16]. When the catalytic core of a dimeric
construct of kinesin was exchanged with the ncd cata-
lytic core, the chimaera motor moved towards the plus
end, the direction of kinesin, suggesting that the direc-
tionality is determined in the region outside of the
catalytic core [102, 103]. An opposite chimaera, a
dimeric ncd construct but with the catalytic core from
kinesin, moved in the direction of ncd [104]. However,
when two residues in the neck of this latter chimaera,
including the glycine residue at 347, were mutated, the
construct moved in the kinesin direction, though very
slowly. A dimeric ncd construct with the neck replaced
by 12 random amino acids also moved towards the plus
end [16]. These results suggest that the position of the
motor domain does not in itself determine the direction
of movement. The default direction of movement for
the catalytic core is towards the plus end, and specific
features of the neck are critical for the minus end-
directed movement of ncd.

The processivity mechanism

Kinesin tracks microtubule protofilaments efficiently
and in all probability moves ‘hand over hand’ in 8-nm
steps along a single protofilament [15, 20, 106–109]. To
do this, each motor domain needs to detach and swing
forward 16 nm to its next binding site [20]. Quite
clearly, this will require some kind of conformational
change, probably in the neck region via which the two
motor domains associate. A model in which part of the
�-helical coiled-coil reversibly unravels [58] was sug-
gested, since it is predicted that some residues there are
not ideal for a stable coiled-coil [110, 111]. However,
dimeric kinesin constructs in which most of the neck
coiled-coil was deleted or replaced by a stable coiled-
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coil were still able to move processively, although the
distances they moved were shorter than the wild type
[112]. Thus, unzipping of the neck coiled-coil is not
essential for processivity of kinesin, but may help. An
alternative mechanism in which the �-strands (�9 and
�10) in the neck change conformation and peel off
from the catalytic core has been suggested [112].
Either of these mechanisms, or more likely a combina-
tion of both, would make the ‘arms’ longer and thus
make it easier for the unattached head to reach the next
binding site. The tethered head would then be free to
diffuse randomly in search of a new binding site, within
the volume allowed by its tether; it will obviously be
helpful if the search pattern is biased by a suitable
tilting of the site to which the tether is attached. There
is a problem reconciling the apparently fixed positions
of the tethered head of kinesin observed by electron
microscopy with this prediction of mobility, but we
have suggested that it exchanges easily between parked
and freely diffusing states [33].
It is not known whether other kinesin-related motors
can also move in a hand-over-hand fashion. Differences
in the structures of the necks of these motors should
affect the processivity. Recent work shows that ncd and
Eg5, a slow plus end-directed motor, are much less
processive than kinesin [113]. In the case of kinesin,
monomeric constructs have very low processivity [114–
116]; apparently, a dimeric structure is required for a
hand-over-hand mechanism to work. However, recent
results show that a single molecule of Kif1A, which is
monomeric in nature, can move along a microtubule
processively [117]. These motors probably have evolved
a different mechanism to slide along a microtubule
without detaching.

Conclusion

For a motor domain moving along a polymeric track,
the total distance moved in stepping from one binding
site to the next is equal to the shift produced by the
conformational change plus the distance diffused. The
balance between the different contributions provided by
diffusion and the power stroke will be different for
different motor molecules. A combination of 3-D elec-
tron microscopy and X-ray crystallography has shown
evidence for fairly substantial conformational changes
in myosin molecules, which could largely explain the
progress of myosin filaments along an F-actin track.
3-D electron microscopy has also shown that, although
they move in opposite directions along microtubules,
kinesin and ncd heads appear similar and bind in the
same orientation to the same site on tubulin dimers.
The tethered head of a dimeric kinesin molecule is
oriented so that it could more easily reach the next site

in the plus direction on the same protofilament, whereas
the second ncd head points towards the next site in the
minus direction (fig. 4b). However, the scale of the
conformational change in an attached kinesin head, as
observed in the presence of different nucleotides (fig. 4),
seems small compared with the 16-nm distance that its
partner must move between its successive binding sites.
Thus, diffusion of the tethered head may play a sub-
stantial part in the processive stepping of kinesin.
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