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Actomyosin powers muscle contraction and various cel-
lular activities, including cell division, differentiation,
intracellular transport and sensory functions. Despite
their crucial roles, key aspects of force generation have
remained elusive. To perform efficient force generation,
the powerstroke must occur while myosin is bound
to actin. Paradoxically, this process must be initiated
when myosin is in a very low actin-affinity state. Recent
results shed light on a kinetic pathway selection mecha-
nism whereby the actin-induced activation of the swing
of myosin’s lever enables efficient mechanical function-
ing. Structural elements and biochemical principles in-
volved in this mechanism are conserved among various
NTPase–effector (e.g. kinesin–microtubule, G protein
exchange factor and kinase–scaffold protein) systems
that perform chemomechanical or signal transduction.

Allosteric activation in motor and signaling systems
Actomyosin is the best understood of the ubiquitous mech-
anochemical systems of eukaryotic organisms [1,2]. The key
action of the actomyosin mechanochemical cycle is the
powerstroke, a rowing action of themyosinhead that results
from the swing of its lever (Box 1). To produce effective
translocation along actin, the lever swing must occur with
the myosin head in an actin-bound state (Figure 1); the
occurrence of a futile lever swing in an actin-detached state
leads to an ATP-wasting cycle (Figure 1). The powerstroke
can be viewed as the result of three linked events: binding of
the myosin head to actin, structural changes in the head
leading to a strong actomyosin interaction, and the lever
swing. These events lead to the release of ATP hydrolysis
products, inorganic phosphate (Pi) and ADP.

Despite several decades of intense study, important
problems related to ATP hydrolysis-linked enzymatic force
generation remain unresolved [1,3,4]. The complex process
of the powerstroke is not readily accessible owing to the low
abundance and short lifetime of the reaction intermediates
[2]. The most intriguing question is how the powerstroke is
initiated and why post-hydrolytic myosin heads bind to
actin before the lever arm swingwhen they are still in a low
actin-affinity state. Models consisting of merely a succes-
sion of structural states cannot address such amechanistic
question adequately. More detailed dynamic approaches
are needed, such as that of Lymn and Taylor, who were the
first to account for the mechanistic role of actin-activated
product release (Box 2). Although they are fundamentally
important processes, the dissection of the lever swing and

product release steps have proven especially problematic.
Here, we provide a synthesis of recent results to show that
the enzymatic activation of the myosin lever swing is a key
factor in channeling the system into effective force-gener-
ating pathways.

In addition to the muscle myosins, numerous newly
discovered formsand classes ofmyosinhave been identified,
which are specialized for a variety of cellular functions [5].
These differentmyosins display functionally important var-
iations in their structural and kinetic behavior, but they all
shareacommonmechanistic framework: their translocation
along actin is associated with lever swing, and this swing is
precisely linked to the actin association–dissociation cycle
driven by a cyclic change of the contents of the nucleotide
binding site [6]. This feature underscores the importance of
a unified powerstrokemodel.Moreover, mechanistic knowl-
edge of how actin mediates myosin conformational changes
might enhance the understanding of the activation of di-
verse NTPases by track or effector proteins. Indeed, alloste-
ric activation is an evolutionarily conserved general
mechanism among motor proteins and signaling enzyme
complexes including kinesin–tubulin, G protein exchange
factor (GEF) [7] and kinase–scaffold systems [8].

Futile lever swing is kinetically blocked
After rapid binding of ATP to myosin, a fast conformational
equilibrium forms between down-lever and up-lever states
(recovery step), which is followed by the hydrolysis of ATP
(Figure 1). Myosin can hydrolyze ATP only in the up-lever
state and, thus, the cycle is pulled forward to lever priming
[2,9]. Recent work showed that, in the absence of actin, the
rate-limiting step of the cycle is the oncoming up-to-down
‘futile’ lever swing occurring in the myosin–ADP–Pi com-
plex, and not the subsequent release of Pi as was previously
thought (Figure1;Box2) [10].Pi release ispossibleonly from
the down-lever state, and the product release steps are
several orders of magnitude faster than the rate-limiting
up-to-down structural transition. Thus, during steady-state
enzymatic cycling in the absence of actin, myosin predomi-
nantly populates an ADP- and Pi-bound up-lever state.

The crystal structures of the up-lever and down-lever
myosin states have been solved, and the transition be-
tween these states (the recovery step) has been investigat-
ed in detail by in silico simulations [11,12]. The nucleotide
binding site and the lever are connected via the switch 2
loop of the nucleotide pocket, the relay/converter region
and the central (‘transducer’) b-sheet of the motor domain
(Box 1). The lever swing in the ATP (recovery step) and the
ADP–Pi states (futile lever swing), associated with switch 2
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conformational changes, has been proposed to involve a
seesaw-like movement of the long relay helix within the
motor domain [12]. In the middle of the relay helix, a
phenylalanine cluster forms a fulcrum around which the
tilt might occur [12,13]. This cluster structurally connects
the relay/converter and transducer regions. The latter
structural element is thought to play an important role
in lever swing: changes in the torsional strain of the
transducer b-sheet might contribute to the free energy
change associated with the powerstroke [14–16]. This
model involves the idea that the conformational pathway
of the lever swing in the actin-detached state is different
from that during the powerstroke [2]. The futile lever
swing is thought to be a reversal of the recovery step, with

the important difference being that the former occurs in
ADP–Pi-bound myosin whereas the latter occurs in ATP-
bound myosin (Figure 1). However, it is still not clear why
the futile lever swing is four orders of magnitude slower
than the recovery step [10]. Regardless of the underlying
mechanism, this kinetic difference is crucial for efficient
force generation.

Nucleotide content of the active site allosterically
determines actin affinity
It has long been known that the nucleotide-free and ADP-
bound forms of myosin bind actin strongly (with a Kd �
1 mM), whereas myosin–nucleotide complexes in which
the g-phosphate site is occupied (i.e. ATP and ADP–Pi)

Box 1. Myosin structural elements

Myosin is a P-loop NTPase, and the diverse isoforms of myosin are

divided into at least 35 classes [5]. Myosin has three functional parts:

the motor domain, the lever and the tail region (Figure Ia). The heavy

chain subunit forms the motor domain, the axis of the lever and the

tail, and the light chains stabilize the structure of the lever. In some

myosin classes, further light chains bind to the tail region. The tail

generally confers effector functions and, in some classes, is

responsible for heavy chain dimerization. In the myosin II class,

which includes the muscle myosins, the tail is a long coiled-coil rod

responsible for filament formation. The motor domain confers the

mechanoenzymatic function of myosin and moves the lever. It has

three main functional parts: the nucleotide pocket, the actin-binding

region and the relay/converter/transducer region (Figure Ib). The

nucleotide-binding pocket is conserved throughout P-loop NTPases.

The bound nucleotide is complexed by three loops called P-loop

(pink), switch 1 (brown) and switch 2 (blue). Switch 1 faces the actin-

binding region and switch 2 makes connections with the relay/

converter/transducer element. The actin-binding region is divided by

a deep, long cleft. The interaction of the ‘lower’ part of the actin-

binding region (gold) is thought to initiate a weak binding interaction

with actin. Upon cleft closure, the upper part of the actin-binding

region (orange) forms further interactions with actin, leading to

strong actin binding. The relay/converter/transducer elements propa-

gate conformational information from the nucleotide pocket to induce

lever swing. During the powerstroke, the lever swings from an up

(primed) to a down position. The length of the lever thus determines

the stroke size [36]. The relay (cyan) is a long helix that moves as a

seesaw around a phenylalanine cluster. The tilt of the relay seesaw

swings the converter (yellow), which is connected directly to the lever

(gray). The transducer (green) is formed by a central seven-stranded

b-sheet, which is another structural element conserved among actin-

and microtubule-based motors. The transducer is distorted in certain

enzymatic states, and the relaxation of this strain might contribute to

force generation during the powerstroke.
[(Box_1)TD$FIG]

Figure I. Structure of the myosin holoenzyme and the motor domain.
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have weak actin affinity (Kd > 100 mM at physiological
ionic strength) [2]. This coupling can be explained by an
allosteric linkage between the actin-binding region and
the nucleotide pocket, located in relatively distant parts of
the motor domain (Box 1). The conformation of the actin-
binding region determines actin affinity. This region is
divided by a large cleft, which must close in order for
myosin to adopt a strong actin-binding conformation
[16,17]. The switch 1 loop of the nucleotide pocket can
adopt two distinct conformations (open and closed)
depending on the occupancy of the g-phosphate site
[18]. In the presence of ATP andADP–Pi (or their analogs),
the equilibrium is shifted to the closed-switch-1 state,
whereas the open and closed states are almost equally
populated in the presence of ADP. Crystal structures and
fluorescence experiments indicate that switch 1 opening
might be coupled to the closure of the acting-binding cleft,
thereby delineating an allosteric route that links nucleo-
tide states to actin affinity [4,18–20]. Actin affinity thus
depends mainly on the equilibrium constant of the switch
1 open–closed transition. It remains unresolved whether
actin binding is regulated only by the switch 1 equilibrium
or also by the position of the switch 2/relay/converter/lever

region, and how the weak-to-strong actin binding transi-
tion is involved in themechanism of the powerstroke [2,4].
Importantly, rapid product release can occur only when
switch 1 or switch 2 or both are open. Both nucleotide and
Pi release are much slower when switch 1 is closed, and Pi

release is extremely slow in closed-switch-2 states.
In addition to the mechanism of coupling between

switch-1 and the actin cleft, it remains to be determined
how the conformational equilibria of switch 2 and the relay/
converter region link lever movement and Pi release. This
coupling is probably different in actin-detached and actin-
attached states. Nonetheless, the key process of the mech-
anochemical cycle is the powerstroke, which consists of
three coupled events: the binding of myosin to actin, the
weak-to-strong actin binding transition, and the lever
swing. Below, we describe the potential order of these
events and the kinetic/thermodynamic background of the
coupling mechanism.

Actin-induced acceleration of the lever swing channels
the pathway towards an effective powerstroke
In the absence of actin, the rate-limiting step of the myosin
enzymatic cycle is the futile lever swing occurring in

[(Figure_1)TD$FIG]

Figure 1. Mechanochemical cycle of the actomyosin motor. The mechanism shown incorporates the Lymn–Taylor model in conjunction with major conceptual advances

gained from recent structural and kinetic investigations. The myosin head and the actin filament are shown in green and blue, respectively. During the working cycle, ATP

binding to the myosin head dissociates the strongly bound actomyosin ‘rigor’ complex (lowest panel). During the recovery step (left two panels), which occurs in ATP-

bound myosin, the myosin lever moves from a ‘down’ to an ‘up’ position. Note the change in lever orientation relative to the motor domain (see Figure I(b) in Box 1). In the

actin-detached states (upper left four panels), the myosin head (motor domain plus lever) is shown in several different orientations to indicate its free rotation about a

flexible joint that connects it to the distal part of the molecule (and the thick filament in muscle). The hydrolysis of ATP to ADP and Pi (inorganic phosphate) occurs only in

the up-lever state (upper left panel). The post-hydrolytic up-lever complex (upper middle panel) can continue the cycle in two pathways. If the lever swings back to a down

position when the head is detached from actin (futile lever swing, middle panels), the ATP hydrolysis cycle is completed without work production. In order to undergo an

effective powerstroke leading to force generation, the head must rebind to actin (upper right panel) before the lever swing (right two panels). When the lever swing is

completed, the hydrolysis products are exchanged for a new ATP molecule. Note that this scheme does not indicate changes in actin affinity or motor domain structure.
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ADP–Pi state (Figure 1) [10]. Actin accelerates the lever
swing of ADP–Pi-bound myosin by at least two orders of
magnitude. This is in stark contrast to the recovery step
occurring in ATP-bound form where actin has little effect
[21]. Actin activation is therefore a crucial component in
driving the system through an effective (actin-attached)
powerstroke even though it starts in a weak actin-affinity
(ADP–Pi) state. Principally, the reaction flux is channeled
into the pathways involving lever swing in actin-attached
states via kinetic pathway selection (Box 3). As the actin-
detached futile lever swing step is kinetically blocked, the
predominant reaction flux is diverted towards actin attach-
ment even though this pathway is thermodynamically less
favorable owing to low actin-affinity of the myosin–ADP–Pi

complex. This model highlights the importance of non-
equilibrium situations in pathway selection mechanisms
applied by biochemical systems (Box 3).

Coupling between actin binding, cleft movement and
lever swing during the powerstroke
An efficient mechanical step can take place only if lever
swing occurs when the myosin head is bound to actin.
However, there are several pathways that can produce
an efficient powerstroke. The different pathways deter-
mine different energetic profiles for the powerstroke, which
could greatly influence the mechanical performance of the
system. Thus, it is fundamentally important to determine
the kinetic fluxes of the powerstroke through different
parallel reaction pathways.

The powerstroke can be defined as involving three key
events, actin binding, a structural change leading to strong
actin binding (linked to cleft closure), and the lever swing.
The process starts in an actin-detached, up-lever, weak
actin-binding (open-cleft) form of myosin, whereas it ends
in a strongly actin-bound (closed cleft), down-lever state
(Figure 2). Results on muscle fibers, from several labora-
tories, show that force generation (and thus themajor lever
swing) occurs before Pi release, and thus all substeps
(Figure 2) could occur in an ADP–Pi-bound form of the
myosin head [22–25]. However, there is controversy in the

field; other evidence indicates that the powerstroke might
occur after Pi release [26,27]. The possible modes of cou-
pling between substeps define three possible effective
powerstroke pathways whereby the lever swing occurs
in the actin-attached form of myosin. The other pathways
lead to a futile lever swing (Figure 2). Thus, it is important
to assess which pathways are the most probable and how
the probability of futile pathways is kept relatively low.
The powerstroke events (Figure 2) are followed by nucleo-
tide exchange, which is practically irreversible owing to the
tight binding of the next ATP molecule; thus, it pulls the
system towards the next mechanochemical cycle.

The starting state of the powerstroke process is formed
rapidly after ATP binding and hydrolysis (Figure 1). In all
three possible effective pathways, actin binding must pre-
cede the lever swing (Figure 2). The crucial role of actin
activation is in preventing the flux through the pathway
starting with a futile lever swing (Figure 2, gray arrow),
given that the rate constant of the latter step is at least 100
times lower than those of the lever swing in the actin-
attached forms of myosin (see also Box 3).

Closure of the cleft in the first step denotes the first
possible pathway for an effective powerstroke (Figure 2,
thin orange arrow). During this step, the myosin head
adopts a strong actin-binding state, which can then attach
to actin and perform the lever swing. However, the flux
through this pathway is very low because the open–closed
transition of the cleft in the actin-detached myosin pro-
ducts complex, the first step in this sequence, is very
unfavorable (K < 0.01) [18].

The remaining two effective powerstroke pathways
(Figure 2, marked in red and blue) both start with actin
attachment, first leading to a weakly attached up-lever
actomyosin complex. From this state, the strengthening of
the actomyosin interaction and the lever swing can occur in
two different sequences. On the pathway represented by
red arrows, a rapid interconversion between open-cleft and
closed-cleft (weakly and strongly actin-bound) states is
followed by the lever swing. Alternatively, the lever swing
might occur while the myosin head is still weakly attached

Box 2. The road to our current understanding of actomyosin

In the classical Studies from the Institute of Medical Chemistry Albert

Szent-Györgyi and colleagues describe muscle contraction as based

on the cyclic interaction of two proteins, coupled to the hydrolysis of

ATP [37]. They were the first to isolate actin and myosin. A few years

later, Andrew Szent-Györgyi and Endre Bı́ró reported that actin

markedly accelerates the ATPase activity of myosin, a phenomenon

now termed ‘actin activation’ [38].

A. F. Huxley and Niedergerke, in parallel with H. E. Huxley and

Hanson, established the sliding filament model, which describes

contractile movement as the sliding of intercalating thin (actin) and

thick (myosin) filaments past each other [39,40]. They proposed that

sliding was driven by the swing of crossbridges (later identified as

myosin heads) while bound to the thin filament. Lymn and Taylor

associated the biochemical cycle of actomyosin with its mechanical

cycle (Figure 1) [41], whereas Bagshaw and Trentham provided a

detailed characterization of the ATPase enzymatic cycle of myosin

[42,43]. They showed that myosin binds ATP rapidly and with high

affinity, whereas the binding affinities of the products (ADP and Pi)

are much weaker, and that the escape of Pi from the metastable

myosin–ADP–Pi complex is very slow and rate-limiting in the

absence of actin. Actin binding was proposed to provide a route to

lower the energy barrier of Pi release. The atomic structures of the

actin monomer and the myosin head were determined in the early

1990s [11,44,45]. These structures supported the lever theory, which

states that actomyosin sliding is the consequence of lever movement

(Figure 1; Box 1).

During the past 20 years, crystal structures of several myosin

conformational states have been solved, each associated with

different kinetic states of myosin [2,46,47]. These structures facilitated

the delineation of allosteric communication pathways underlying

ATP-induced actomyosin dissociation and lever priming (Box 1).

Despite long-standing efforts, the actomyosin complex has not been

crystallized [16]. However, a 1.4 nm resolution structure has been

created by fitting the X-ray structures of actin and myosin into the

cryo-electron microscopic envelope of the nucleotide-free (rigor)

actomyosin complex [17].

The force and displacement produced by the myosin head during

the powerstroke was determined in single-molecule mechanical

experiments. These studies also revealed that the energy barriers of

myosin enzymatic steps, especially those of nucleotide binding, ADP

release, and coupled conformational changes, depend on the

mechanical load applied on the lever [48–52].
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to actin and the subsequent strengthening of the actomyo-
sin interaction could serve a stabilizing (‘locking’) role for
the post-powerstroke intermediate (blue arrows), provided
that cleft closure occurs more rapidly than actin detach-
ment [28]. On the basis of the available kinetic and ther-
modynamic data, both the red and blue pathways could
convey significant fluxes [10,25]. Thus, the effective power-

stroke probably proceeds through parallel reaction path-
ways. It is important to note that, due to the fact that many
events take place on similar timescales, the powerstroke
intermediates never reach internal equilibration.

Importantly, the equilibrium constant of the intercon-
version between weak and strong actin-binding states was
determined in the absence of a mechanical load exerted on

Box 3. Kinetic and thermodynamic pathway selection

Biochemical reactions can happen in parallel pathways. In certain

conditions, one of these pathways must be selected for efficient

biological function. Theoretically, pathway selection can be thermo-

dynamic or kinetic. Thermodynamic pathway selection occurs when the

system follows the lowest free energy path (Figure I(a), i). Kinetic

pathway selection can occur only in non-equilibrium situations when

the flux through the lowest free energy route is hindered to the extent

that the system will use an alternative escape route through a higher free

energy path (Figure I(a), ii). In kinetic pathway selection, reaction rates

before the ‘branching’ intermediate (represented by water accumulated

in the vessel) must be greater than that of the hindered step.

Kinetic pathway selection is a commonly used switch mechanism in

biochemical systems where the reaction must be channeled into the

efficient pathway instead of futile ones. In signal transduction

systems, certain pathways are also selected in this manner. In the

actomyosin system, actin activates the rate-limiting step of the

myosin ATPase cycle; i.e. the post-hydrolytic futile lever swing

(Figure I(b)). Because the flux through the futile lever swing is greatly

suppressed in the absence of actin, the main flux will proceed through

the much faster actin-attached pathway despite the low actin affinity

of myosin. In a representative example, the rate-limiting lever swing

is accelerated 100-fold by actin and the actomyosin dissociation

constant Kd is 100 mM. In these conditions, as much as 91% of the

reaction flux will proceed through the actin-attached pathway even at

a low actin concentration of 10 mM, although only 9% of myosin

heads would bind to actin in an equilibrium situation.[(Box_3)TD$FIG]

Figure I. Pathway selection mechanisms. (a) Water flow analogy of pathway selection. Heights represent free energies and the magnitude of rate constants is

symbolized by the width of outlets (escape routes). If the lower outlet is wide enough to release all the water flowing in, then all flux will be conveyed through this outlet

(i). Conversely, if the influx rate remains unchanged but the lower outlet is narrow, water will accumulate in the vessel up to the point where the main flux will be

conveyed by the wider upper outlet (ii). (b) Pathway selection in actomyosin. Relative magnitudes of fluxes and rate constants are represented by thick gray and thin

black arrows, respectively.
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the lever. It will be important to determine whether this
equilibrium depends on external load. Notably, recent
findings indicate that a high actin affinity up-lever myosin
state is stabilized in the presence of ADP and blebbistatin,
a widely used myosin inhibitor [29–31]. This complex
might resemble a previously inaccessible powerstroke in-
termediate inwhich theweak-to-strong actin-binding tran-
sition has taken place but the lever swing has not occurred.

Concluding remarks and future perspectives
In summary, the powerstroke is initiated by the binding of
a low actin-affinity (open-cleft) state of myosin to actin.
Because the flux involving the futile lever swing in actin-
detached myosin is limited due to kinetic reasons, myosin
binds to actin before the lever swing despite the fact that
this pathway is thermodynamically unfavorable. Thus,
allosteric activation by actin provides a kinetic type of
pathway selection, which determines a high ratio of fluxes
through efficient versus futile pathways. Importantly, this
activation mechanism is not required for motor function
per se, but it determines the energetic efficiency of the
mechanochemical system. The degree of actin activation is
generally lower in myosin isoforms that, under some con-
ditions, primarily exert load-bearing functions as opposed
to rapid contraction. Thesemyosins include smoothmuscle
and non-muscle myosin II, and other myosins from classes
I, V and VI functioning as load-dependent anchors or
processive transporters [6]. In such isoforms, in addition
to the powerstroke mechanism discussed here, an addi-

tional lever swing occurring in ADP-bound actomyosin
contributes greatly to load-sensitive tuning of actomyosin
mechanical function [32].

Activation mechanisms similar to that described for
actomyosin can be found in various NTPase-effector sys-
tems exerting motor and signaling functions, including
microtubule-based motors, GEFs and kinase–scaffold pro-
tein complexes [8,33–35]. In the large family of P-loop
NTPases, conserved switch loops within the active site
sense the nucleotide state and transmit conformational
changes associated with nucleotide binding, hydrolysis or
product dissociation to the partner binding interface. Sim-
ilarities between the organization of functional domains
and active site chemistry suggest that the cores of these
NTPases have diverged from a common ancestral nucleo-
tide-binding motif, whereas later insertions enabled func-
tional specialization [34]. The primary common
mechanistic principle applied during the functioning of
these diverse enzymes is the allosteric activation of the
NTPase, which occurs in an NTPase–nucleotide–partner
ternary complex [7]. In many cases, nucleotide exchange is
an intrinsically slow process, which is accelerated by the
partner, often through interactions with a magnesium ion
associated with the bound nucleotide. Specific modulations
to this common mechanism determine the mechanochemi-
cal activities or signaling properties of individual NTPases
precisely (Box 4). Much like the actomyosin system, which
has been characterized in greatest detail, kinetic pathway
selection probably plays an important role in delineating
physiologically functional biochemical pathways.
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Box 4. Outstanding questions

- How is effective force generation initiated in motor enzyme

systems instead of futile enzymatic cycling?

- What is the biological role of the allosteric activation of motor and

signaling enzymes by track or effector proteins?
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