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Recent breakthroughs in the structural biology of cytoskeletal
motor proteins show that two distinct families of motors —
kinesins and myosins — use a similar mechanism of
conformational switching for converting small structural
changes in their nucleotide-binding sites into larger movements
to provide force generation and motion. This mechanism is
found to be similar to that employed by G proteins, the
well-known molecular switches that regulate protein–protein
interactions in many biological systems.
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Introduction
Only a few years have passed since the first atomic-resolution
structures of kinesin [1,2] and myosin [3] motors were
determined. These years, however, separate the era when
these motor families could not be compared to each other
from today, when nearly every finding for one motor family
prompts us to search for and often find the analogous
phenomenon in the other family. Indeed, we have recently
learned that not only kinesins [4,5], but also myosin [6••,7••]
motors can move processively along their respective
polymer track. Furthermore, kinesins (summarized in [8])
and myosins [9••] can translocate in either the ‘plus’ or the
‘minus’ direction along their cellular tracks. With atomic
resolution structures now available for various kinesins
[1,2,10–13,14••,15•] and myosins [3,16–21,22••,23,24], we
understand that the functional similarity of these motors is
a reflection of their shared evolutionary ancestry and similar
structural organization [25].

Both kinesin and myosin have catalytic domains (catalytic
cores, for details see [26•,27,28•]), which, although different
in size, are structurally similar [1,25] and have both the
nucleotide- and biopolymer-binding sites (Figure 1). In
conjunction with their track polymers (microtubules for
kinesins and actin filaments for myosins), both kinesin and
myosin catalytic cores execute the nucleotide hydrolysis
cycle, which consists of ATP binding, hydrolysis and
release of the products of hydrolysis (ADP and inorganic
phosphate [Pi]). Depending on their nucleotide state (with

either no nucleotide, or a diphosphate or triphosphate
moiety in the bound nucleotide), both kinesin and myosin
catalytic domains have been recently shown to switch
between different structural conformations [14••,28•,29••].
Attached to the cores, there are smaller domains in both
motors. Although structurally divergent and differently
named (neck or neck linker [26•,27,30] and converter [28•]
domains in kinesins and myosins, respectively; Figure 1),
these structural parts perform identical functions [29••].
Interacting closely with the catalytic core, they ‘read out’
the nucleotide-dependent conformation of the core and,
according to their own specific composition and architecture,
‘respond’ by changing their structure. Numerous structural
[3,11,12,14••,21,22••,23] and mutational [31–34,35•] studies
indicate that specific neck and converter domains, trans-
missions in almost a literal sense, are crucial mechanical
elements of, respectively, kinesins and myosins, and are
essential for the determination of the directionality of
these motors. Conformational transitions in the neck or
converter regions are amplified into larger motions by the
family-specific ‘amplifiers’ — the ‘lever arm’ in myosin
([36–38]; summarized in [28•]) and the neck coiled coil in
the conventional kinesin (Figure 1). Class-specific domains
of unconventional monomeric kinesins [14••] and partner
heads in processive dimeric motors assist in this function
[7••,26•,29••,39••]. The following sections of this review will
focus on the recently discovered mechanisms coordinating
the operation of the various structural parts of these
molecular motors.

Mechanism of conformational switching
Based on the structural similarity discovered between
molecular motors and the molecular switches of the G protein
family [2], it was previously proposed that motor proteins
and G proteins might use a comparable γ-phosphate-
sensing mechanism and a similar strategy for changing
their conformations between different nucleotide states
[2,40]. To change conformation between the ADP and
ATP states, both kinesins and myosins were predicted to
use specific structural elements of their catalytic cores, the
‘switch’ regions, which are able to sense the presence or
the absence of γ-phosphate in the bound nucleotide [2,40].
In both motors, the switch I region consists of a loop (with
consensus sequence motif NxxSSR) and the switch II
region includes a loop (with conserved sequence motif
DxxGxE) and the following helix (Figure 2). It was
predicted that, analogous to G proteins, the γ-phosphate-
sensing mechanism in motors would rely upon two
residues, evolutionarily conserved serine and glycine from
the switch I and switch II loops, respectively. In the ATP
state of the motors, switch I serine and switch II glycine
would converge on (‘switch on’) the nucleotide to form
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hydrogen bonds with the γ-phosphate. The initial movements
of these residues were predicted to trigger specific
restructuring of the entire switch regions, which would
move towards the nucleotide and ‘close’ the nucleotide-
binding pocket. In the ADP state, the absence of
bridging interactions with the γ-phosphate would 
disengage the switch regions, causing them to ‘switch
off’ to their initial conformations and to ‘open’ the
nucleotide-binding cleft.

Subsequent structural analysis of available myosin structures
showed that they, indeed, form two distinct categories
(summarized in [28•]). In the first group of structures, the
switch loops are disengaged and the nucleotide-binding
pocket is ‘opened’ (Figure 2a, in yellow). In the second
group, the switches are brought together and the
nucleotide-binding cleft is ‘closed’ (Figure 2a, in red).
Based on the observed conformations of the switch regions
(and not necessarily on the nature of the bound nucleotide
[28•], see later discussion), the opened and the closed
myosin structures have been proposed to represent,
respectively, the ADP/no nucleotide and the ATP/ADP•Pi
states of the myosin catalytic core.

Superposition of available kinesin structures [14••]
showed that they also form two categories, which have
been proposed to represent the ADP and the ATP states
of the kinesin catalytic core [14••,29••]. It was demonstrated
[14••] that, similar to the myosin structural counterpart,
the switch II helix of kinesin undergoes translation and
rotational movement between the ADP (Figure 2b, in
yellow) and the ATP-like (Figure 2b, in red) states. These
movements were shown to be accompanied by the
reversible partial unwinding of the switch II helix and
lengthening of the switch II loop in the ATP state [14••].
It was noted, however, that, whereas the switch I and
switch II loops of myosin motors are well structured and
have defined conformations in both ADP and ATP-like
states (Figure 2a), the equivalent structural counterparts
of kinesin motors show considerable variation in
conformation [41] and significant flexibility in both states
[14••] (Figure 2b). This difference could be related to
distinct mechanochemical cycles of these two motors and
will be discussed further in this review.

Conformational transitions in mechanical
elements of the motors
The nucleotide-dependent conformational changes in the
switch regions result in dramatic rearrangements of their
mechanical elements. In kinesins, the nucleotide-induced
translation and rotational movement of the switch II helix
affect the following helix and their connecting loop,
which are all interlocked and, therefore, move together
as a structural cluster (‘switch II cluster’ [14••]; Figure 3a).
In the forward-going kinesin motors, the ATP-like
conformation of the switch II cluster allows the N-terminal
part of the neck domain (the neck linker [26•]) to be
‘docked’ alongside the catalytic core. A different position

of the same cluster in the ADP state occludes this docking,
pushing the neck away from the core (Figure 3a). As a
result, in the forward-going kinesins, the neck linker is
docked on the core in the ATP-like state and undocked
and freed in the ADP state [14••,29••].

Whereas the ‘undocked’ neck linkers are found to be
flexible and disordered in most kinesin ADP-like crystal
structures, the recently solved ADP-like structure of the
mitotic spindle kinesin Eg5 [15•] showed the neck
linker to be ordered and rotated by ~120° relative to its
ATP-like ‘docked’ conformation. In this study, the authors
discuss whether the observed conformation of the neck
is related to the specific function this kinesin motor
performs in the cell, or whether it represents a preferable
but transient conformation employed by all kinesins in
the ADP state. The latter proposal does not contradict
the results of a previous study [39••], in which the
nucleotide-dependent movements of the neck of con-
ventional kinesin have been visualized and measured
directly in the combined electron paramagnetic resonance
(EPR), fluorescence resonance energy transfer (FRET)
and cryo-electron microscopy (cryo-EM) experiments.
Based on the complementary results derived from these
experiments and mutational studies on kinesin [35•], a
model for how nucleotide-induced neck linker ‘docking’

Figure 1

Structural organization of the kinesin and myosin motors. The catalytic
domains of (a) kinesin (PDB code 3kin) and (b) myosin (PDB code
2mys) are gray. The neck linker and converter regions of kinesin and
myosin, respectively, are red. The amplifier regions (neck coiled coil in
kinesin and lever arm in myosin) are blue in both motors. The position
of the bound nucleotide is indicated by a yellow space-filling model for
both motors.
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and ‘undocking’ could drive the processive motion of
dimeric conventional kinesin was suggested [39••].
Given the orientation of the bound kinesin head on the
microtubule, whereby the tip of the catalytic core points
towards the microtubule plus end [39••,42], ATP-induced
‘docking’ of the neck linker on the core of the bound
kinesin head would position the unbound partner head
closer to the microtubule plus end. The partner head
could then attach to the forward tubulin subunit, pro-
vided that its neck linker is in the ADP, ‘undocked’
conformation. Once the two-head-bound intermediate is
formed, the exchange of ATP for ADP in the forward
head would again trigger ‘docking’ of the neck linker.
This could assist in tugging on, dissociating and displacing
the rear head to the next forward binding site [39••]. The
net result of this action would be the observed rapid
8 nm step [5,43,44].

Whereas subsequent biophysical [45,46•] and mutational
[47•,48•] studies elaborate this model for the processive
movement of conventional kinesin, the recent analysis of
the ADP and ATP-like structures of the kinesin motor
KIF1A [14••] extends its scope to the processive movement
of monomeric kinesins [49••,50•,51•]. This analysis [14••]
also suggests that the modular mechanism of conformational
switching in the kinesin catalytic core can control the
actions of diverse kinesin mechanical elements and power
the motility of both plus- and minus-end-directed
kinesin motors (Figure 3a,b). A striking symmetry relates
the mechanisms of domain movements in these two
classes of kinesins. Because of the different location
(N-terminal to the catalytic core) and different architecture
of the neck of the minus-end-directed kinesin motors
[12,52] (Figure 3b), the ADP-like position of the switch II
cluster promotes docking of the neck onto the core in the
ADP state. Moreover, the docked position of the neck in
this case is stabilized by its specific interactions with the
switch II cluster in the ADP state [12] (Figure 3b, see

figure legend for details). These are the exact opposite of
the interactions observed in the forward-going kinesin
[14••] (Figure 3a,b). The nucleotide-induced rotation and
retraction of the switch II cluster in the ATP state of the
minus-end-directed kinesins would disintegrate the
neck–core interface and cause the neck to melt away from
the core (a hypothetical transition of the neck of the
minus-end-directed kinesin motor ncd is shown in
Figure 3b). This conformational transition would produce
a force vector directed towards the microtubule minus end,
opposite to that of the conventional kinesin (Figure 3a,b).

The proposed model [14••] for reversed movement in
kinesins is consistent with the recent study in which
mutations of conserved residues at the neck–core interface
of the minus-end-directed kinesin ncd produced a motor
that could move in both directions along the microtubule
[53••]. In agreement with the model [14••], such mutations
would destabilize the neck–core interface in the ADP state
of the motor and cause uncoupling of directionality from
the motor’s ATPase cycle. Such uncoupling would explain
the sudden changes in the motor’s directionality and the
observed breakage of the microtubules in response to the
oppositely directed forces exerted simultaneously by different
molecules in the population assayed in the experiment [53••].

As comparative structural analysis shows [29••], the same
mechanism of conformational switching that drives the
motility of kinesin motors controls movements of the
mechanical elements of myosins. The converter domain of
myosins, which move towards the ‘barbed’ (plus) end of
the actin filament, appears to be a more complex structural
assembly compared to the neck linker of forward-going
kinesins (Figure 3a,c). Nevertheless, analogous to the
plus-end-directed kinesin motors, the converter region is
folded onto the myosin core in the ATP-like state and
pushed away from this position in the ADP state [3,21,22••].
These conformations of the converter region are dictated

Figure 2

The nucleotide-driven conformational
changes in the switch regions. The
mechanism of conformational switching is
exemplified using available atomic
coordinates of (a) myosin and (b) kinesin
motor domains. All structures were
superimposed using the Cα atoms of the
conserved nucleotide-binding loop, the
P-loop, which is known to remain unchanged
throughout the nucleotide hydrolysis cycle.
Switch regions of both kinesin and myosin
are shown in yellow and red for the ADP and
the ATP-like states, respectively. The position
of the bound nucleotide is indicated by a
model in light gray for both motors. The
γ-phosphate is in dark gray. Conserved
switch I serine and switch II glycine in all
structures are shown as yellow and red stick
models and spheres, respectively.
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by the same nucleotide-dependent positions of the switch II
helix and the following loop as in the forward-going
kinesins [29••] (Figure 3a,c). The helical ‘lever’ arm, which
is rigidly attached to the myosin converter domain,
amplifies the nucleotide-induced motions of the converter
and translates them into angular motions [3,21,22••]
(Figure 3c) related to force generation. In kinesins, the
structural domains that follow the neck — FHA (fork head
associated) domain in monomeric kinesins [14••] or the neck
coiled coil [47•,48•] and partner heads in dimeric kinesins
[29••,39••] — perform the analogous amplifying function.

Interestingly, the converter domain of myosin VI, the only
myosin motor known to move toward the ‘pointed’ (minus)
end of the actin filament [9••], is radically divergent and
linked to the lever arm by an insertion of ~50 amino acid
residues that is unique to this class of myosin [9••]. It is
plausible that, analogous to the minus-end-directed
kinesins (Figure 3b), the specific structure of the converter
in this case would change the mode of interaction between
the switch II region and the converter domain, and reverse
the mechanics of these myosin motors. Indeed, the most
notable differences between the cryo-EM maps of myosin
VI and other myosins attached to the actin filament are in
the region corresponding to the mechanical elements —
the converter and the lever arm — which, in the case of
myosin VI, have an unusual shape and orientation [9••].
Recent mutational studies demonstrated that the unique

insertion in the mechanical elements is not critical to
determining the directionality of myosin VI [54•]. Positioned
N-terminal to the lever arm, it might, therefore, participate
in the amplification of the motor’s power stroke. However,
the authors’ [54•] conclusion that the direction of myosin
movement is determined by the motor core domain, not
by the converter domain, is not fully supported by
experimental data and could be misleading.

Switch-dependent interactions of motors with
their polymer tracks
A crucial property that transforms a molecular switch into a
molecular motor is the ability of a motor to undergo a
force-generating conformational change while it is
attached to its cellular track and to return to its initial
conformation after detaching from it. In kinesins, ATP
binding causes the motor to bind tightly to the micro-
tubule and to produce a force-generating motion through
its neck domain. For myosins, the release of the products
of ATP hydrolysis (Pi and ADP) results in tight binding of
the motor to the actin filament and a power stroke of its
lever arm. The nucleotide-dependent mechanism of
conformational switching offers an explanation for how the
two motors coordinate their power strokes with enhanced
affinity for their respective tracks.

Recent docking experiments [14••] showed that, in both
ADP and ATP-like states, the switch II cluster constitutes

Figure 3
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The switch-controlled movements of the mechanical elements of
kinesin and myosin motors. (a) The nucleotide-dependent reorientation
of the neck linker between the ADP and ATP-like structures of the
kinesin KIF1A [14•• ]. (b) A hypothetical model for the nucleotide-
controlled movements of the neck in the minus-end-directed kinesin
motor ncd. Three interacting conserved residues that are essential for
the stabilization of the neck–core interface in the ADP state of the
motor [12] are shown in black. These are Y426 and K640 from the
switch II cluster, and N340 from the ncd neck. Kinesin mutants Y426A
and K640A exhibited lower microtubule-gliding velocities than

wild-type ncd [12]. More perturbing mutations, N340K, K640N and
N340K/K640N, were recently shown [53•• ] to uncouple the
directional bias of the ncd from its ATPase cycle. (c) The nucleotide-
induced transitions of the converter region and lever arm between the
ADP-like (PDB code 2mys) and the ATP-like (PDB code 1br1)
conformations of myosin. For all figure panels, the ADP and ATP-like
conformations of the switch II helix (switch II cluster for kinesin and
ncd) are shown in yellow and red, respectively. The ADP and the
ATP-like conformations of the mechanical elements of all motors are
shown in light and dark blue, respectively.
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the main microtubule-binding site of kinesins. Staying
anchored on the microtubule and committed to undergo
rotational movement between the ADP and ATP states
(Figure 3a), the switch II cluster causes the kinesin catalytic
core to rotate in the opposite direction. This counter
rotation of the core was shown [14••] to increase the
accessibility of the polymer surface for different micro-
tubule-binding sites of the motor and to result in tighter
binding of the core to the microtubule in the ATP state.
In addition, the restructuring of both the switch I and
switch II loops in the ATP state was proposed [14••] to
intensify the interactions of the motor with the microtubule.
In the ADP state, the reversed structural transitions in
the switch regions would decrease kinesin’s affinity for
the microtubule and cause the motor to detach from
the polymer.

Interestingly, the nucleotide-induced counter rotation of
the kinesin core was shown not only to change kinesin’s
interactions with the polymer, but also to contribute to the
power stroke of the forward-going kinesins by both
displacing the core and pointing the tip of the core (and
the neck linker docked on the tip) towards the plus end
of the microtubule in the ATP state [14••]. Remarkably, a
rocking motion of the myosin catalytic core relative to
the actin filament was detected during the motor’s ATP
hydrolysis cycle [55•]. Analogous to the kinesin counter
rotation, a rotational movement of the myosin catalytic
core was proposed to contribute to the myosin power
stroke [56,57].

Myosin docking experiments [55•,58–60] indicate that the
switch II helix and the following loop of myosin motors do
not interact with the actin filament directly. However,
the latter loop links the switch II helix to the main stere-
ospecific actin-binding site (helix-turn-helix motif or
hydrophobic site) in the lower 50 kDa region of the myosin
catalytic domain. Similar to the structural elements of the
kinesin switch II cluster (Figure 3a), this site is interlocked
with the switch II helix and moves along with the helix
while myosin switches between different nucleotide states
[3,21,22••]. These movements were predicted [61] and
recently shown [55•] to restructure the myosin actin-
binding interface by opening and closing the large cleft
dividing this interface between the myosin upper and
lower 50 kDa regions. Independent data suggest that,
similar to kinesin motors [14••], the main actin-binding
site might be anchored on the actin filament in different
nucleotide states of the actomyosin complex [55•,60,62];
the opening and closing of the cleft are achieved by a
movement of the upper 50 kDa region of the motor [55•].
Analogous to kinesins [14••], a rotational movement of the
myosin catalytic core, as well as cleft opening and closure
(both associated with the nucleotide-induced restructuring
of myosin switch regions), alters the accessibility of the
actin filament surface for other actin-binding sites in the
upper and lower 50 kDa subdomains of myosin [55•].
These changes might result in the higher affinity of

myosin for the actin filament in the ADP/no nucleotide
states of the motor.

Mechanisms regulating conformational
switching
Whereas the conformations of the mechanical elements of
both kinesin and myosin are always dictated by the
positions of the switch II regions [3,14••,21,22••,29••], the
conformations of the switch regions in the absence of
their respective polymer tracks display weak coupling to
the nature of the bound nucleotide [14••,28•,29••]. For
both motors, this confusing observation was recently
explained [14••,28•,29••] by a low-energy barrier between
different conformations of the switches, which might exist
in dynamic equilibrium in the absence of the polymer. It was
suggested, therefore, that the choice of the conformations
of the switches and the related conformations of the
mechanical elements in the working cycles of kinesin and
myosin is decided by binding contacts with both the
nucleotide and the motors’ respective targets — the micro-
tubules and the actin filaments [14••,29••].

The suggested coordinating role of the polymer tracks in
the switch-dependent mechanism of motor proteins is
consistent with the known ability of both microtubules and
actin filaments to accelerate nucleotide exchange and
hydrolysis at different stages of the enzymatic cycles of
kinesins and myosins, respectively. Because of this
property, and based on functional similarities between
G proteins and motors, it was also proposed [40] that the
specific track polymers might function not only as targets
of the motors, but could also combine the roles of both
nucleotide exchange factors (NEFs) and NTPase-activating
proteins (NAPs) for motor proteins (Figure 4). Structural
similarities between kinesin–microtubule complexes and
available complexes of G proteins with their regulators
support and elaborate this proposal [14••]. The analogy
between regulation of NTPase activity in G proteins and
that in motor proteins appears even more striking since
the recently described inhibition of ADP release by the
kinesin tail domain [63••], which might function as the
‘built-in’ analog of the nucleotide dissociation inhibitor
(NDI, GDI for G proteins).

Comparative structural analysis of kinesins and myosins
also highlights specific structural adaptations that probably
accommodate the known differences in the regulation of
these motors. It is known that, whereas both kinesins and
myosins rely on their polymer tracks to assist in ATP
hydrolysis, binding interactions with the microtubule for
kinesin and the actin filament for myosin occur at different
steps in the ATPase cycle of these motors.

As was proposed for kinesins [14••], the microtubule
might disrupt the motors’ normally tight interaction with
ADP by binding and displacing the motors’ switch regions.
After ADP is replaced by ATP, the microtubule might
accelerate nucleotide hydrolysis by structuring the motor’s
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active site and interacting with both switch regions,
assuring the precise positioning of residues involved in
ATP hydrolysis [14••]. Because kinesin switch loops
accommodate different binding interactions with the
microtubules in different nucleotide states of the motor,
their structure is expected to be malleable and, in the
absence of microtubules, these loops are observed to be
flexible and are often disordered (Figure 2b).

In myosin motors, ATP is hydrolyzed while the motor is
detached from the actin filament, generating a stable inter-
mediate state of myosin with the products of hydrolysis
bound in the nucleotide pocket. To assure efficient
hydrolysis and strong binding of the hydrolysis products,
the switch loops of myosin are structured and stabilized by
binding interactions with the rest of the myosin structure.
As a result, they are well defined and stable even in the
absence of the actin filament (Figure 2c). The specific
details of regulation of the ATPase cycle of kinesins and
myosins also explain the availability of numerous myosin
structures with bound nucleotide analogs that mimic
both the ATP and the transition state of the motor, and the
difficulties with incorporating such analogs in the kinesin
active site in the absence of the microtubules.

Conclusions and future directions
In summary, the structural findings discussed in this
review outline a modular mechanism of nucleotide-driven
conformational switching in kinesin and myosin motors.
Structural analysis demonstrates that the nucleotide-
induced molecular switching in motor proteins is designed
to relay the conformational changes in the nucleotide-
binding pocket to structurally distant mechanical elements
and polymer-binding sites. As discussed, the mechanism of
conformational switching used in kinesin and myosin
motors for movement is employed by nature in a wide
variety of molecular switches for domain rearrangement
and for controlling affinity for specific macromolecular
partners. The existing data suggest that the specific
macromolecular partners of the motor proteins (micro-
tubules for kinesins and actin filaments for myosins) are
able to regulate the force-generating conformational
switching by accelerating nucleotide exchange and
hydrolysis in different nucleotide states of the motor
proteins. By delegating functions of the motors’ targets and
regulators to the specific biopolymers, nature creates an
economical, yet efficient system, which ensures the
conversion of energy from ATP binding and hydrolysis
into mechanical work.

Figure 4
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Structural and functional similarity shared between different families of
molecular switches. In all cases, NDP- and NTP-like conformations of
the switches are shown in yellow and red, respectively. Specific
macromolecular partners interacting with the switch regions in these
two states are shown as surfaces of matching color. The γ-phosphate
is shown as a red star. The C-terminal helix of the NTPase domain, to
which the mechanical elements of molecular motors or additional
domains of G proteins are attached, is shown in blue. (a) The
nucleotide-driven conformational switching in kinesins results in force-
generating rearrangements of the neck domain and movement of
kinesin motors along the microtubules (MTs). (b) The same mechanism
of conformational switching is used by myosin motors for converting

small conformational changes in their nucleotide-binding site into larger
movements related to their force generation and motion along actin
filaments. Part of the converter domain and lever arm helix is shown for
myosin in ADP-like (PDB code 2mys) and ATP-like (PDB code 1br1)
conformations. (c) An identical molecular mechanism is employed by
G proteins for their domain rearrangements (domains II and III of EF-Tu
in GDP [PDB code 1TUI] and GTP-like [PDB code 1EFT] states are
shown) and for controlling affinity for their specific macromolecular
partners – NEFs, GAPs (GTPase-activating proteins) and effectors.
Macromolecular polymers [microtubule for kinesins (a) and actin
filament for myosins (b)] might combine the functions of NEFs, GAPs
and effectors.
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Although numerous structural data have recently focused
attention of the field on interactions of molecular motors
with their polymer tracks, specific details of these interac-
tions remain unknown. High-resolution structures of both
kinesin and myosin motors complexed with their respective
tracks at different stages of the motors’ mechanochemical
cycles would, no doubt, reveal many secrets that nature still
keeps away from the curious minds of scientists.
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