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Abstract. Sophisticated molecular genetic, biochemical
and biophysical studies have been used to probe the molecular mechanism of actomyosin-based motility. Recent
solution measurements, high-resolution structures of recombinant myosin motor domains, and lower resolution
structures of the complex formed by filamentous actin
and the myosin motor domain provide detailed insights
into the mechanism of chemomechanical coupling in the
actomyosin system. They show how small conformational
changes are amplified by a lever-arm mechanism to a

working stroke of several nanometres, explain the mechanism that governs the directionality of actin-based movement, and reveal a communication pathway between the
nucleotide binding pocket and the actin-binding region
that explains the reciprocal relationship between actin
and nucleotide affinity. Here we focus on the interacting
elements in the actomyosin system and the communication pathways in the myosin motor domain that respond
to actin binding.

Key words. Enzyme catalysis; chemomechanical coupling; protein docking; b-sheet distortion; kinetic mechanism;
motor protein.

Introduction
Muscle contraction, cytoplasmic streaming in plants,
amoeboid movement, cytokinesis and other types of myosin-dependent movement are driven by the cyclical interaction between the actin filament and myosin. Essential
features of the actomyosin ATPase reaction were deduced
from transient kinetic studies using actin filaments and
myosin motor domain fragments in solution and by comparing the results with those obtained from mechanical,
optical and structural measurements on rate processes in
intact muscle fibres [1–5]. These studies visualized the
conserved myosin motor domain as the active partner in
the interaction with filamentous actin (F-actin) and established that myosin is a product-inhibited ATPase that
is strongly stimulated by actin [6–8]. In the process, the
‘sliding filament model’ was refined to the ‘swinging
* Corresponding author.

cross-bridge’ model and, with the help of molecular engineering, single molecule approaches, and X-ray crystallography to the currently accepted ‘swinging lever-arm
model’ [9–14]. The swinging lever-arm model predicts
that the motor domain binds to actin with almost constant
geometry and that small actin- and nucleotide-dependent
conformational changes within the motor domain are amplified at its distal end by the extended and rigid leverarm domain (fig. 1). The model is supported by the
fact that reverse-direction movement of myosins can be
achieved simply by rotating the direction of the lever arm
180° [15]. Each of the events outlined in figure 1 is a
complex process that involves not only changes in the
bound ligands and overall conformation of the motor domain but also local conformational changes and domain
movements.
This review describes recent advances in recombinant
protein production, and kinetic and structural approaches
that have been applied to study the actomyosin system
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Figure 1. The actomyosin ATPase cycle. (A) A minimal description
of the myosin and actomyosin ATPase as defined in solution. The
top line represents the myosin ATPase with the following events:
ATP binding, ATP hydrolysis followed by Pi release and then ADP
release. The equivalent steps for actomyosin are shown in the
bottom line. Vertical arrows indicate the actin association and dissociation from each myosin complex. In every case, the events
shown can be broken down into a series of substeps involving one
or more identifiable protein conformational changes. The states
with a shaded background represent the predominant pathway for
the actomyosin ATPase. (B) A minimal mechanochemical scheme
for the actomyosin cross-bridge cycle. Starting from the rigor complex, A·M (state a), ATP binds to rapidly dissociate the complex and
the lever arm is reprimed to the pre-power-stroke position (state b).
This is followed by hydrolysis. The preceding three states have been
well defined by crystallography, electron microscopy and solution
kinetics. The exact sequence of biochemical, structural and mechanical events is more speculative. The M·D·Pi complex rebinds to
actin, initially weakly (state c) and then strongly (state d). Binding
to actin induces the dissociation of Pi and the power stroke (state e).
The completion of the tail swing (state f) is followed by ADP release
to return to the rigor-like complex (state a); in some myosins
(e.g. smooth-muscle myosin-II, myo1b or myosin-V) ADP dissociation is associated with a further displacement of the lever arm.
Actin monomers are shown as golden spheres. The motor domain
is coloured metallic grey for the free form, purple for the weaklybound form and violet for the strongly bound form. The converter
is shown in blue and the lever arm in orange.
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and that have led to new insights about the mechanism of
chemomechanical coupling.

Molecular genetic manipulation and expression
of mutant actin and myosin constructs
Recent progress in understanding actomyosin-dependent
chemomechanical transduction is to a large extent related
to the production of recombinant myosin motor domains.
In contrast to microtubule-based motors such as kinesin,
functional myosin motors has not been produced in bacteria. Sufficient quantities of active motor domain containing
myosin fragments for biochemical and structural studies
have been produced only in Dictyostelium and the baculovirus system [16–19]. Dictyostelium is generally a very
powerful system for the functional analysis of sequenced
genes [20]. For example, most of the molecular genetic
techniques typically associated with Saccharomyces cerevisiae are available in Dictyostelium, and the cells are easy
to grow, lyse and process for a multitude of biochemical
assays or subcellular fractionations. Studies of cytokinesis,
motility, phagocytosis, chemotaxis, signal transduction and
aspects of development have been greatly facilitated by the
ease with which Dictyostelium can be manipulated by molecular genetic, biochemical and cell biological techniques
[21, 22]. The high level of exogenous protein expression
obtained in transformed Dictyostelium cells facilitates protein production and purification. Mutant versions of myosins belonging to class I, II, VII and XI have been produced
in biochemical quantities in this system [23–26]. Dictyostelium myosin null cells can be used for the production
of full-length myosins and complementation experiments
with mutant myosins in this system [27]. To facilitate protein purification, vectors for the production of glutathioneS-transferase (GST) fusion proteins and His8-, Strep-,
YL1/2, and FLAG-affinity-tagged proteins were generated
[28–30]. The major limitation of the Dictyostelium system
is that high synthesis levels have been achieved reliably
only with Dictyostelium myosins or myosin fragments.
However, progress in the production of heterologous proteins in Dictyostelium appears likely, as the production
of Chara corallina myosin-XI motor domain constructs,
which support the movement of actin filaments in an in
vitro motility assay at velocities of up to 16.2 mm s–1, was
achieved in this organism [25]. The baculovirus expression
system has been successfully used to produce a wide range
of myosin motors from different species including truncated isoforms of class I, II, V, VI, IX, X and XI myosins
[31–35]. Although the baculovirus expression system appears to be more versatile than the Dictyostelium system,
the production and purification of some myosin isoforms,
e.g. b-cardiac myosin, have not been achieved.
His- or FLAG-tagged constructs are generally used to
facilitate the purification of motor domain fragments and
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subfragment-1 (S1)- or heavy meromyosin (HMM)-like
constructs. Tagging of myosin constructs at either the
N- or C-terminus is widely used to facilitate purification
and has negligible effects on the kinetic behaviour and
motor activity of the constructs [36, 37]. However, the tags
can compromise the usefulness of the constructs for some
applications. In single-molecule applications, tagged myosin motors appear to have a greater tendency to form clusters on the assay surface, and His-tagged myosin motors
have a strong bundling effect on actin filaments.
As with to myosin, the production and purification of
recombinant actin in sufficient quantities for biochemical
studies is not possible in bacteria. Filament-forming distant actin homologues, such as MreB and ParM, have
been identified in bacteria [38]. However, these proteins
do not support myosin motor activity. In the case of actin,
it has been shown that correct folding requires the eukaryotic chaperones chaperonin-containing TCP-1 (CCT)
and prefoldin [39]. Sufficient quantities of mutant actins for biochemical studies have been produced in Dictyostelium, Drosophila melanogaster, S. cerevisiae and
the baculovirus expression system [40–43]. Tagging of
actin has been used to facilitate purification, but it can
interfere with protein functionality. N-terminal tags tend
to interfere with myosin binding, while C-terminal tags
affect filament formation [44]. The baculovirus expression system appears to be the system of choice for largescale actin expression, since more than 1 mg of untagged
wild-type and mutant actin can be produced and purified
from a 100-ml culture or 4 ¥ 108 cells [45].

Structural background
Actin
Actin sequences are more highly conserved than almost
any other protein. The amino-acid sequence of human
skeletal muscle is 87% identical to that of yeast actin. This
high degree of conservation is most likely related to the
large number of proteins that specifically bind to actin.
More than 50 actin-binding proteins have been characterized, and most of these proteins have been found in lower
and higher eukaryotes [46–48]. Crystal structures have
been obtained only with monomeric actin or G-actin
(42 kDa). They show the actin monomer to consist of two
similar domains, each of which contains a large and a small
subdomain [49–53]. The large subdomains 2 and 3 consist
of a 5-stranded b-sheet and associated a-helices (fig. 2A).
The phosphate moiety of a nucleotide (ATP or ADP), together with Mg2+, is bound between the two b-sheet regions. Subdomain 1 contains the DNase-binding loop, and
subdomain 4 is involved in actin-actin interactions.
Homogenous and stable oligomers of filamentous actin
(F-actin) for crystallographic studies were generated by
cross-linking F-actin with 1,4-N,N¢-phenylened maleimide

Actomyosin

and depolymerization with excess segment-1 of gelsolin
(GS-1). The resulting GS-1-complexed actin trimer consists of one molecule of GS-1 bound to each actin monomer in the 178-kDa trimer complex. However, in comparison to F-actin, both the arrangement of the promoters and
the intersubunit contacts responsible for stability of the actin
filament are perturbed by GS-1 intercalating between the
actin subunits in the mini-filament [54]. A model describing F-actin as a helical polymer was generated based on
fitting the crystal structure of monomeric actin into X-ray
fibre diffraction data from oriented actin gels [51]. Because
the fibre diffraction patterns are of limited resolution
(6–8 Å), the refinement is underdetermined and produces
related but different solutions. All models show F-actin to
be a helical polymer with 13 actin molecules arranged on
six left-handed turns repeating every 360 Å. The rise per
subunit is 27.5 Å. As the rotation per monomer is 166°, the
actin helix morphology can also be described as two steep,
intertwined right-handed helices (fig. 2B) [55].
It is now widely accepted that actin-based processes,
which do not involve the action of a myosin motor, are required for cell locomotion and organelle movement. The
formation of cellular protrusions such as lamellipodia
e.g. is driven by the spatially controlled polymerization of
actin in response to signalling [56–58]. Furthermore,
actin filament conformational changes have been implicated in actomyosin-based motility and in regulation of
motility. It is likely that binding of a myosin motor domain
to actin and generation of a few pN of force will result in
structural changes to actin. However, except for the elastic
deformation of the filament, the form that such structural
changes would take and the role they would play remain
undefined. Structural changes in actin will be an area of
interest in the near future, but here we concentrate on the
role of the myosin motor.

Myosin motor domain
The motor fragment of myosin-II, also referred to as subfragment-1 or S1, has a tadpole-like form and consists of
a central seven-stranded b-sheet and surrounding a-helices [59]. A C-terminal extension, which forms an extended a-helix and binds the two calmodulin-like ‘light
chains’, is thought to act as a lever arm that amplifies
small conformational changes emerging from the active
site approximately 10-fold [9, 10, 14]. The proteolytic
fragments of S1 are usually referred to as 25K (N-terminal), 50K and 20K (C-terminal). The central 50K fragment actually spans two structural domains, which are
called the 50K upper domain (U50) and the 50K lower
domain (L50) (fig. 3A). A large cleft that extends from
the ATP binding site to the actin-binding region separates them. The L50 fragment (residues 465–590; unless
otherwise stated sequence numbering refers to the Dictyostelium myosin-II heavy chain) forms a well-defined
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Figure 2. Atomic resolution structures of actin. (A) G-actin structure showing the four subdomains, and nucleotide and divalent
cations (pdb-code: 1j6z). (B) Side and top views of a 13-subunit repeat F-actin filament, as established from the helical parameters of
the standard Holmes model [51]. Each monomer is coloured differently. F-actin filaments are formed by two right-handed long pitch
helical strands that twist around each other with a rise of 27.5 Å.
The rotation angle per monomer around the filament axis corresponds to –166.15°.
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Figure 3. Structure of subfragment-1 (S1, pdb-code: 2mys) and topological map of the myosin motor domain. (A) S1 consists of the myosin
motor domain and the light-chain-binding region, which functions as a lever arm. Colour coding for the motor domain is the same as in
panel B. The light-chain- binding region of the myosin heavy chain and essential and regulatory light chains are shown in grey. (B) Topological map of the myosin motor domain. In addition to the domains and subdomains shown, crystallographic results reveal that the segment between b7 and switch-2 moves as a solid body and can be regarded as an independent subdomain. The SH1 and SH2 helices rotate
when the b-sheet twists, which forms part of the mechanism for relieving the strain on the kinked relay helix and for driving the power
stroke. Helices are shown as circles and b-strands as triangles. The background colours are N-terminal SH3-like b-barrel, yellow; U50 subdomain, pink; L50 subdomain, cyan; converter domain, light-blue. The seven-stranded central b-sheet is shown in red (b1, 116–119; b2,
122–126; b3, 649–656; b4, 173–178; b5, 448–454; b6, 240–247; b7, 253–261).
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structural domain that constitutes the major part of the
actin-binding site. Therefore, it is occasionally referred to
as actin-binding domain. The N-terminus lies near the start
of the lever arm, with residues 30–80 forming a protruding
SH3-like b-barrel domain of unknown function. The rest
of the 25K fragment, together with the U50 subdomain
(residues 81–454 and 594–629), forms one large structural
domain that accounts for six of the seven strands of the central b-sheet (fig. 3B). The actin-binding region and the nucleotide-binding site of myosin are on opposite sides of this
seven-stranded b-sheet and are separated by 40–50 Å. A
P-loop and two switch motifs are located in this large domain and form part of the ATP-binding site (fig. 3B).
Switch-1 and switch-2 contact the nucleotide at the rear of
the nucleotide-binding pocket and act as g-phosphate sensors. The switch motifs move towards each other when
ATP is bound and move away from each other when ADP
occupies the binding pocket (fig. 4B). Conformational
changes during this transition mostly correspond to rigidbody rotations of secondary and tertiary structure elements
[59–61]. Therefore, the core and its extensions can be regarded as communicating functional units with substantial
movement occurring in only a few residues.
The first part of the 20K fragment (630–670) is an integral part of the 25K – 50K domain and consists of a long
helix running from the actin-binding region to the 5th
strand of the central b-sheet (fig. 3B). This is followed by
a turn and a broken helix. Both segments of the broken
helix contain a reactive thiol in most myosins and are
therefore frequently referred to as the SH1-SH2 helix. In
Dictyostelium myosin-II, one of the conserved cysteine
residues is replaced by a threonine (Thr688). A small compact domain (700–760) follows, which has been termed
the ‘converter’ domain [60]. The converter domain functions as a socket for the C-terminal light-chain-binding
domain and plays a key role in communication between
the active site and the light-chain-binding domain. The
light-chain-binding domain is also referred to as the
‘neck’ or ‘lever-arm domain’.

Actomyosin interaction
Atomic models of the actomyosin complex were obtained
by fitting the atomic structures of the globular myosin
motor domain and F-actin into three-dimensional cryoelectron microscope reconstructions of ‘decorated actin’
[14, 62, 63]. In decorated actin, which is produced by
incubating F-actin with motor domain fragments in the
absence of nucleotide, one myosin motor domain binds to
each actin monomer (fig. 4A). The models show the motor domain to form a primary contact with subdomain 1
of one actin monomer. In addition, model building brings
L50 into the proximity of subdomain 2 of the next actin
molecule below. The main contribution to this secondary
binding site comes from loop 3 [62, 64]. The actual actin-
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binding region of myosin consists of a number of structures and loops including loop 3 and the helix-loop-helix
motif of the L50 subdomain, the cardiomyopathy (CM)
loop and loop 4 of the U50 subdomain, and loop 2 linking L50 and U50 (fig. 4A).
The helix-loop-helix motif has a similar structure in
myosins from class I, II and V [59, 61, 65]. A notable feature of the helix-loop-helix motif is the presence of a
number of hydrophobic residues flanked by potentially
complementary ionic and polar groups.
Loop 2, which, based on sequence comparisons, appears
to have completely different conformations in different
myosins, has been shown to be involved in both weak and
strong binding interactions with actin. It can also play an
important role in controlling the rate of product release
[66, 67]. Loop 3, which is located at the lower end of the
actin-binding domain, contains positively charged residues
and is involved in electrostatic interactions with F-actin
[64]. Loop 4 does not appear to make contact with actin
in atomic models of the complex between F-actin and
myosin-II. However, many unconventional myosins have
an extended loop-4 with a high density of charged amino
acids, which may play a role in stabilizing the complex [61].
The CM loop lies at the front of the motor domain and is
important for normal myosin activity. It was shown that a
point mutation at position Arg403 in human b-cardiac
myosin (equivalent to Arg397 in Dictyostelium myosin-II)
is associated with familial hypertrophic cardiomyopathy
[68]. The CM loop is of special interest became it contains
a serine or threonine at the TEDS-site position of various
unconventional myosins that plays an important role in
their regulation [69–72]. Phosphorylation of this serine or
threonine residue by members of the p21-activated kinase
family of protein kinases (PAKs) stimulates actin-activated
ATPase and motor activity [73, 74]. PAKs become activated by interaction with lipids and the GTP-bound forms
of Rac and Cdc42, leading to reduced inhibition of the catalytic domain by the regulatory domain [75]. In myosin-II,
aspartic or glutamic acid residues are found at the equivalent position. Motors without a negative charge at this
position display low ATPase and motility [76, 77]. In the
high-resolution structure of the unphosphorylated myosin
IE motor domain, the CM loop is disordered, and the TEDS
site is not visible. Because the CM loop is well defined in
most structures of myosin motor domains, its disorder in
the myosin IE structure suggests that phosphorylation may
be required to constrain its orientation [78].
The total area of contact between F-actin and myosin-II
corresponds to approximately 2000 Å2. Structural and
functional studies have shown a remarkable conservation
in the way in which actin and myosin isoforms from
different species interact. The three-dimensional atomic
models of F-actin decorated with Dictyostelium S1 and
F-actin decorated with rabbit chymotryptic S1 are very
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Figure 4. Actomyosin interface and actin-induced conformational
changes in the myosin motor domain. (A) The models show the
myosin motor domain (shown in ribbon representation) to bind to
subdomain 1 of one actin monomer, but with considerable contact
to subdomain 2 of the next actin molecule below. The actual actinbinding region of myosin consists of a number of structures and
loops including the helix-loop-helix motif and loop 3 of the L50
subdomain, the CM loop and loop 4 of the upper 50-kDa domain and
loop 2 linking the upper and lower 50-kDa domains. (B) Front and
side views of the core region of the myosin motor domain, including
the seven-stranded central b-sheet, relay helix, nucleotide binding
loops, and helices SH1 and SH2. Superpositions of Dictyostelium
myosin-II structures in the nucleotide-free (dark grey) and transition
state (light grey) are shown. (C) Close-up of the nucleotide-binding
site of the catalytically active form of myosin with bound Mg2+-ATP.
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similar, suggesting a constancy in structure of the actomyosin complex and in the details of the molecular contacts at the actomyosin interface. In regard to function,
every heterologous mixture of actin and myosin tested so
far shows productive interaction [25, 79]. For instance,
Dictyostelium actin and rabbit skeletal-muscle actin move
at about 2 mm s–1 along Dictyostelium myosin, and both
forms of actin move at about 5 mm s–1 along rabbit skeletal-muscle myosin [80]. Therefore, it seems reasonable to
assume that the basic mechanism of the docking process
with actin is similar for myosins from different organisms
and classes.

Coupling between actin- and nucleotide-binding sites
The main structural change that is apparent from computer-based fitting of myosin motor domain and actin
crystal structures into the three-dimensional reconstructions of acto-S1 obtained by electron cryomicroscopy is a
closing of the large cleft between the L50 and U50 subdomains [63, 81, 82]. Additional evidence that closing of
the large cleft coincides with strong binding of the myosin
motor domain to actin is provided by spectroscopic studies [83, 84]. Detailed structural effects of cleft closure
can be deduced from the crystal structures of nucleotidefree myosin-II and myosin-V constructs [24, 65]. Large
changes in the relative position of the U50 and L50 subdomains upon cleft closure in these structures lead to a
distortion of the central b-sheet and, in particular, the
orientation of the three edge b-strands: b1, b2 and b3. In
addition, the switch-1-loop preceding b6, the switch-2loop following b5 and the P-loop following b4 undergo
large conformational changes between the nucleotidefree and the catalytically competent structures (fig. 4C).
Changes in the actin interface are thereby coupled to
significant movements of nucleotide-binding loop structures. Their movements result in a major disruption of
interactions that stabilize g-phosphate binding and coordination of the Mg2+ ion and, therefore, ADP binding.
The loss of Mg2+-ion coordination induced by actin binding is similar to the effect of GTPase exchange factors on
the release of GDP by small G-proteins. Therefore, actin
can be viewed as an ADP-exchange factor for myosin
[85]. The combined effects of loss of Mg2+-coordination
and ‘opening’ of the nucleotide-binding loops explains the
10,000-fold reduction in ATP affinity. In a cell, ATP is present at millimolar concentration, which enables efficient
progression in the cycle.
Binding of ATP via interactions with the P-loop as well as
through ionic interactions with a positive charge provided
by the unpaired arginine of the disrupted salt-bridge between switch-1 and switch-2 serves to ‘close’ the nucleotide-binding site in order to more fully coordinate the
g-phosphate [24, 86, 87]. This explains why ATP, but not
ADP, can induce these changes. ATP-induced changes are
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again communicated via the strands of the central b-sheet
to the U50 subdomain and lead to opening of the large
cleft. Cleft opening disrupts the tight actin interface and
leads to a 10,000-fold reduction in actin affinity. This
sequence of events explains the reciprocal relationship
between actin and nucleotide affinity. Additionally, movement of the three edge b-strands, b1, b2 and b3, is tightly
coupled to that of the SH1/SH2 helices, and thereby to the
relay helix (fig. 4B). A further and more direct route of
communication between the converter and the L50 subdomain is linked to the movement of the relay helix as
switch-2 opens and closes [11]. It appears that hydrophobic interactions and steric clashes brought about by concomitant rearrangements of b1-b3 cause the relay helix to
unwind and kink when, in the presence of g-phosphate,
switch-2 is pulled up and into the nucleotide-binding site.
Because the converter domain is directly adjacent to the
C-terminal end of the relay helix, this bending results in
a large rotation of the converter domain and, ultimately, to
the swinging of the lever arm.
The interactions between the relay helix/relay loop and
the converter domain occur primarily in the area between
the tip of the relay loop and the converter domain and are
stabilized by a number of hydrophobic residues that are
among the most highly conserved residues in all classes of
myosins [60]. Relay-loop residues Y494 and I499 interact
with residues F692 and F745 from the converter domain.
This core interaction is further supported by hydrophobic
interactions involving conserved residues Y699 and I744.
There are also a number of salt-bridge interactions between
the completely conserved residues E490 and E493 of the
relay helix and R695 and K743 of the converter.
The rearrangements following ATP binding at the nucleotide-binding site restore the catalytic competence of
myosin (fig. 4C). The ensuing hydrolysis of ATP allows
progression through the ATPase cycle (fig. 1). The inherent unidirectionality of the cycle is brought about by the
irreversibility of the ATP-binding step. In contrast, the
equilibrium dissociation constant for the hydrolysis step is
close to unity. The kinetics of the product release steps determine the populations of strong and weak actin-bound
states. Fast skeletal myosin-II spends approximately 5% of
the cycle time in strongly bound states and is therefore
sometimes referred to as a low duty ratio motor. High duty
ratio motors, such as myosin-V and myosin-VI, predominantly populate the ADP-bound states (fig. 1, states d–f )
at physiological nucleotide concentrations. Therefore,
these myosins are better adapted for maintaining tension,
and they have the potential to be processive [33, 77].

Biochemical kinetics and optical probes
The major molecular events in the myosin ATPase mechanism have been well described since the mid-1970s and
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the mechanism is most commonly referred to as the sevenstep Bagshaw-Trentham scheme (scheme 1) [4].
In this mechanism, each ligand binding/dissociation event
is described as a two-step process. The initial formation of
a complex by diffusional collision is followed by at least
one induced conformational change in the structure to
give the properly docked complex. In reverse, this is an
isomerization of the complex, which is required before
diffusive dissociation occurs. As shown in scheme 1, the
seven steps comprise two-step association of ATP, hydrolysis of ATP to leave ADP and Pi tightly bound to the
protein and then two-step Pi release followed by two-step
ADP release. This seven-step scheme has remained essentially unchanged since it was proposed in the mid-1970s.
Each ligand binding/dissociation event may well be a
more complex process, since the binding results in several
local changes in structure to give the final stable structure,
but in most cases it approximates to a two-step process.
The original evidence for each of these events came from
monitoring local structural changes from the fluorescence
of intrinsic tryptophan residues [88] and nucleotide analogues [89] and from monitoring the chemical step using
quenched flow methods (to follow the ATP cleavage event
as well as cold chase methods to monitor tight irreversible
binding of ATP) [90, 91]. Isotope exchange methods further probed details of the events [92].
More recently, the ability to express modified versions of
myosin has made it possible to place tryptophan and green
fluorescent protein (GFP)-type probes at different places
on the molecule. This approach has been used in smoothmuscle myosin S1 and in Dictyostelium cytoplasmic
myosin-II [13, 84, 93, 94]. These studies have clarified

which parts of the molecule are involved in each of the
isomerizations; the results from the different probes are
summarized in table 1. These more detailed probes have
not required a significant change in the description of
events (except for the one listed below) but have provided
a more detailed picture of which parts of myosin are involved in conformational changes.
One additional event has been added to the mechanism.
Step 3 has now been shown to consist of two processes: a
specific conformational change to bring the catalytic
residues into the correct position to attack the b-g ATP
bond, followed by the cleavage step itself. This was predicted from crystal structures of analogues of the myosin
ATP complex, which had switch-2 open; therefore, the
catalytic groups were not in a position to promote hydrolysis [87]. Subsequently, it was shown that switch-2 closure
preceded hydrolysis [95]. The use of single tryptophan
probes and high-time resolution relaxation methods (temperature and pressure jump) allowed this change to be
demonstrated [95, 96]. Values for the rates and equilibrium constants for Dictyostelium myosin-II are given in
table 1.

Kinetics of actin binding
The low-resolution structural views of actin binding to
myosin suggest that no major rearrangement of the
myosin takes place at the actin-myosin interface, but that
large-scale changes occur on myosin distal to the actinbinding site. However, fitting the crystal structures of
myosin motor domains into three-dimensional recon-

Table 1. The rate and equilibrium constants for the Bagshaw-Trentham seven-step mechanism of the myosin ATPase with addition of step
3a/b after Holmes and Geeves [119] and Malnasi-Csizmadia et al. [123].
Step (i)

1

2

3a

3b

4

5

6

7

k+i

≥107 M–1 s–1

>800 s–1

350 s–1

100 s–1

0.05 s–1

≥104 s–1

15 s–1

≥104 s–1

k–i

≥104 s–1

10–6 s–1

870 s–1

6 s–1

0.003 s–1

≥107 M–1 s–1

>400 s–1

≥107 M–1 s–1

Ki

103 M–1

4 ¥ 108

79

13

15

103

<0.037

10–3 M

Mant-N
F239W, F242W,
F129W
D113W
R131W

W 501
GFP/YFPFRET

chemistry

Signals in
Dictyostelium
myosin-II

W501
GFP/YFPFRET
chemistry

Mant-N
F239W, F242W,
F129W
D113W
R131W

Rate and equilibrium constants are those for the Dictyostelium myosin-II head fragment [36, 123, 124]. FRET, fluorescence resonance
energy transfer; GFP, green fluorescent protein; Mant-N, nucleotides labelled with the mant group on the 2¢ or 3¢ ribose hydroxyl; the
one-letter code for amino acids is used.
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structions obtained by electron cryomicroscopy requires
closure of the large 50K cleft to form the full actomyosin
interface [63, 82]. In the interaction of any two proteins,
docking is likely to involve initial diffusion-limited complex formation followed by a series of structural adjustments (induced fit) as the stereospecific interaction site is
formed, along with induced conformational changes in
the proteins [97]. Kinetically, docking of myosin onto an
actin filament can be resolved into at least three events
[98] (see scheme 2). Initial complex formation, largely
involving charge-charge interactions, is followed by two
changes in conformation of the complex. The first may
involve the formation of stereospecific hydrophobic interactions; the second involves a major rearrangement of
the actin-S1 complex, since fluorescence probes on both
actin and the nucleotide in the myosin pocket report the
change simultaneously. The second isomerization appears
to involve a large volume increase of the complex that is
normally assigned to displacement of a large amount of
water from the complex [67].
The three events appear similar, albeit with marked
changes in rate and equilibrium constants, when they
occur in the absence or presence of ADP. It has been suggested that M·ADP·Pi binds in the same three steps but
that the equilibrium constant for the last step is small (~1,
weak binding to actin) until Pi is displaced from the
myosin [5]. The last of the conformational changes has
been suggested to be closely coupled to the power stroke
of the ATPase cycle [5].
In terms of the structures, we can speculate that step 0
involves long-range ionic interactions, since it is very salt
dependent [67], and that step 1 is the formation of a
sterospecific weak binding complex involving hydrophobic interactions, since it is not strongly affected by ionic
strength but can be disrupted by the presence of organic
solvent. It could therefore be the formation of the contact
at the L50 subdomain. Step 2 could be the step associated
with closure of the large cleft and formation of the full
actomyosin-binding site, including the U50 subdomain.
The key feature of this mechanism is that the isomerization in step 2 results in a major strengthening of the actin
binding to myosin and, simultaneously, a weakening of
the nucleotide binding to actin [98–100], which is compatible with the structural rearrangements observed for
the nucleotide-binding site of nucleotide-free myosin motor domain structures [24, 65]. As described above and
shown in figure 4B, actin-induced closure of the large
cleft leads to a distortion of the three edge b-strands of the

Collision
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central b-sheet and the nucleotide binding loops attached
to b4, b5 and b6 (fig. 4C). The combined movements
disrupt switch-2/P-loop interactions that stabilize g-phosphate binding and coordination of the Mg2+ ion, and,
thereby, ADP binding. ADP release is further facilitated
by the movement of switch-1 away from the P-loop. The
equilibrium constant of this step varies for different nucleotides. Thus, in the absence of nucleotide, K2 is large
(>100), while in the presence of ATP it is small (K2  1)
and ATP displaces actin. For other nucleotides and nucleotide analogues, K2 is intermediate. Which form predominates, the ternary complex or the binary complex
with either nucleotide or actin, depends upon the concentrations used and the lifetime of the ATP complex.
In fast rabbit myosin, formation of the R-state reduces the
affinity of the myosin head for ADP more than 100-fold,
and the rate of ADP dissociation is accelerated more than
500-fold. In Dictyostelium myosin-II, the affinity of the
myosin head for ADP is reduced approximately 100-fold.
In general, these factors vary more widely for different
myosin types. In chicken smooth-muscle myosin, e.g.
ADP affinity is reduced only 5-fold, while the dissociation
rate is accelerated 10-fold by actin. Actin also induces acceleration of Pi dissociation, typically more than 200-fold.
Measurement of all rate and equilibrium constants for the
interaction between actin and myosin requires an extensive series of measurements. Studies of different myosins,
chimaeric myosins or myosins bearing mutations have
normally concentrated on a few key measurements, such
as the affinity of actin for myosin in the absence of nucleotide [KA = K0K1(1 + K2)] and the related rate constants of association (k+A = K0k+1) and dissociation [k-A =
k–1/(1 + K2)], or the affinity of actin for myosin in the presence of ATP at very low ionic strength (K0 or K0K1, since
K2 is assumed to be negligibly small, and K1 is undefined
at low ionic strength; see Furch et al. [101]).

Mutational studies
CM loop
The CM loop is located at the distal end of the U50K subdomain (see figs 3, 4A). Involvement of this b-turn-b
structure in the actin-myosin interaction has been implied
by two findings. First, mutation R403Q in human b-cardiac myosin (R397Q in Dictyostelium myosin-II) is the
cause of familial hypertrophic cardiomyopathy [68]. Experiments with a recombinant R403Q mutant, produced
by baculovirus-driven co-expression of myosin heavy and
light chains, showed that the protein has normal ATPase
activity in the absence of actin. However, in the presence
of actin, ATPase activity was more than 3-fold reduced,
the Kapp for actin binding was more than 3-fold increased
and motility was 5-fold reduced. In humans, the resulting
decrease in power output per unit area of cardiac muscle
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is likely to provide the stimulus for hypertrophy [17].
Studies with the corresponding R397Q mutation in Dictyostelium myosin-II produced similar results [102].
A cluster of hydrophobic residues in the CM loop plays a
role in maintaining the strong binding state. Sutoh and
co-workers examined the functional importance of this
region by replacing residues 398–405 (ILAGRDLV) of
the Dictyostelium myosin-II heavy chain with the dipeptide AG. Cells producing only the mutant myosin displayed the same phenotypic defects as myosin-II null
cells. They failed to grow in suspension and could not
form fruiting bodies and viable spores when starved.
Since partial deletion of the CM loop did not affect interaction of the mutant protein with nucleotide, as examined
by steady-state and transient kinetics [103], any structural
defects induced by the mutation appear to be confined to
the actin-myosin interface. Therefore, the observed phenotypic changes appear to be a direct consequence of
local disruption of the actin-myosin interface.

Helix-loop-helix motif
The helix-loop-helix motif includes residues S510– K546
in Dictyostelium myosin-II and appears to contribute to a
stereospecific interaction with actin. The region has a
similar structure in myosins from different classes [24,
65, 78]. A notable feature of this site is the presence of a
number of hydrophobic residues flanked by potentially
complementary ionic and polar groups. The effects of
charge changes at positions 530–532 in this region resemble changes in the phosphorylation status of the TEDS
site. The presence or absence of a single negative charge
appears to play a central role in defining the affinity of
the myosin head for actin and in stabilizing the A-state in
particular. Giese and Spudich identified E531Q in Dictyostelium myosin-II as a mutation with reduced actin activation of the myosin ATPase and reduced motility [104].
In D. discoideum myosin-II, E531 is positioned between
D530 and Q532, while in most myosins the equivalent
residue is flanked by two acidic residues. The presence of
negative charge at positions 531 and 532 has a major
effect on actin affinity, as measured by both KA (primarily k–A) and kcat/KM(actin) [primarily KM(actin)], with little of
the change in properties being communicated to the nucleotide binding pocket. This is consistent with a twostate depiction of the myosin nucleotide pocket (strongly
or weakly bound nucleotide, corresponding to the A- and
R-states of scheme 2), and the charge changes affect only
the concentration of actin required to induce the A-to-Rstate structural change [101].

Loop 2
Loop 2 has been the focus of the majority of mutagenic
studies addressing the interaction of myosin with actin.

Actomyosin

This increased interest has been due to a number of factors, including the straightforward approaches that can be
taken to replace the disordered loop structure with other
sequences in mutagenic studies. The myosin head is remarkably insensitive to changes in the structure of loop 2.
Lengthening of the loop without concomitant charge
changes produces no measurable effect on the myosin or
actomyosin ATPase, the rate of ATP binding or the rate or
equilibrium constants of association between actin and
myosin motor. The effects of changes in the loop 2 region
on the thermal stability of the myosin motor domain are
in most instances small. Insertions with up to 11 uncharged amino acid residues lead to a decrease of only
1.8 °C in the thermal stability of the constructs [105]. Replacement of the native loop of smooth-muscle HMM
with that from either skeletal or b-cardiac myosin caused
the chimaeric HMMs to become unregulated, like the
myosin from which the loop was derived, without affecting the affinity of HMM for actin in the presence of
Mg.ATP or kcat, the maximum turnover rate in the presence of actin [106]. Chimaeras composed of the Dictyostelium myosin-II backbone and of loop-2 regions from
myosins of other species showed actin-activated ATPase
activities that correlated well with the activity of the
myosins from which the loop sequences were derived
[107]. Further studies showed that the initial weak binding of myosin to actin is an electrostatic interaction between positively charged lysine residues in loop 2 and
negatively charged residues in subdomain 1 of actin [64,
66, 101, 105, 108–111]. Removal of the negative charge
from subdomain 1 of actin decreases the affinity of actin
for myosin in the presence of Mg. ATP, while relocation
of the charge in this subdomain does not alter actomyosin
function, consistent with limited stereospecificity of the
weak binding interaction [110, 112].
Consistent with the idea that loop 2 is a critical part of the
actomyosin interface throughout the ATPase cycle, deletion of two invariant lysines at the C-terminal portion of
loop 2 (K622/K623 in Dictyostelium myosin-II and K652/
K653 in smooth muscle myosin-II) abolishes motility and
actin-activated ATPase activity [66, 113]. Analysis of 11
Dictyostelium myosin-II mutant constructs revealed a clear
correlation between charge of the loop, actin activation of
the ATPase rates of the mutant constructs, and strength of
the interaction between mutant motor domains and actin.
The Kd for actin binding and the KM(actin) is decreased 10to 120-fold when loop 2 contains 4–12 extra lysines. In
the case of affinity for a nucleotide-free head, this is due
to an increase in the association rate constant (kon) by a
factor of 5–8 and a decrease in the dissociation rate constant (koff) by a factor of 5–15, suggesting that the charge
on loop 2 plays a role in both formation and stabilization
of the actomyosin complex. Modulation of kcat by loop 2
changes has been observed for myosins with a large coupling ratio KAD/KD, showing a large reduction in affinity
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for ADP upon binding to actin. The approximately 3-fold
increase in kcat when loop 2 contains four or more extra
lysines is small in energetic terms but shows clearly that
changes in loop 2 can affect the interaction of nucleotide
with some myosins [67, 101]. Myosins with a small coupling ratio, such as smooth-muscle myosin-II and myosinV do not show any increase in kcat [109].
From the atomic structure of the Dictyostelium myosin
motor domain, it appears that a minimal size of loop 2
may be required to retain correct communication between
the actin- and nucleotide-binding sites [24]. Shortening
of the loop is expected to produce conformational stress
and a slight distortion of the myosin motor domain. The
effect of loop 2 shortening on myosin motor activity was
examined using a Dictyostelium myosin-II that had nine
amino acids of this loop exchanged for a single valine
residue [114]. The deletion in loop 2 did not affect the interaction with nucleotide. However, it had a large effect
on the association and dissociation constants for actin
binding, resulting in approximately 100-fold lower affinity for actin. Despite this large reduction in affinity, actin
binding weakened the affinity of ADP for the motor
approximately 60-fold, which is similar to the coupling
between actin binding and ADP release observed in wildtype constructs. In contrast, the basal ATPase activity of
the mutant construct is elevated 3-fold, and actin binding
does not enhance ATPase activity to the normal extent.
These results confirm that loop 2 is involved in highaffinity actin binding and plays a role in setting the rate of
ATP hydrolysis.

Loop 3
Three-dimensional reconstructions of electron microscopy images and solution experiments performed on the
actomyosin complex have suggested that loop 3, in addition to loop 2, is involved in electrostatic contacts with
F-actin [14, 62–64, 115]. Because the model building
brings loop 3 into the proximity of the neighbouring actin
monomer, one actin helix turn below the primary site
of actomyosin interaction, it is also referred to as the
secondary actin-binding site of myosin. Carbodiimideinduced cross-linking between filamentous actin and
myosin loop 3 is observed only with the motor domain
of skeletal-muscle myosin and not with those of smooth
muscle or D. discoideum myosin-II. Chimaeric constructs
of the D. discoideum myosin motor domain containing
loop 3 of either human skeletal muscle or nonmuscle
myosin were generated. The chimaeras were fully functional, and their actin-activated ATPase activity was not
affected by the substitutions. Significant actin crosslinking to the loop 3 region was obtained only with the
skeletal muscle chimaera. Further analysis showed that
the cross-link occurred with actin segment 1–28 [64]. A
loop 3-mediated interaction with actin occurs in striated
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muscle myosin isoforms but is apparently not essential
for either formation of a high-affinity actin-myosin interface or modulation of actomyosin ATPase activity.

Strut
The strut loop is one of three loops that connect the U50
and L50 subdomains. The loop is strongly conserved
among the myosin superfamily, and its importance in
maintaining the relative disposition of the two subdomains
was verified by a mutagenesis study [116]. Sasaki and
co-workers varied the length of the loop by deleting D590
and inserting of an Ala residue before D590 or an Ala,
Asp or Pro after D590. In all cases, motility and actin-activated ATPase were substantially reduced. However, only
the deletion of D590 affected the basal ATPase, which
was elevated almost 10-fold. Structural studies have
shown that D590 (D570 in chicken myosin-V) experiences the largest conformational changes upon cleft closure, when the region undergoes a helix-to-loop transition
[24, 65, 117, 118].

Summary and future prospects
The combination of kinetic, structural and direct functional studies has led to a widely accepted view of the
events in the cross-bridge cycle, from the rigor-like A·M
complex through to the pre-power-stroke M·ADP·Pi complex (fig. 1). Although a high-resolution structure of the
actomyosin interface is not yet available, the combination
of crystal structures of actin and myosin, high-resolution
electron micrograph images of actomyosin, and optical
probe data using a range of actin and myosin mutations
gives us reasonable confidence in the sites of interaction.
Current efforts are continuing to isolate actin trimers or
small actin oligomers of defined size that would be suitable for co-crystallization with a myosin motor domain
[45, 50, 54].
What remains poorly defined in both structural and biochemical terms is the exact pathway back to the rigor
complex from the M·ADP·Pi complex [119]. Figure 1B
sets out a reasonably consistent pathway, but few of these
complexes have been isolated and the exact sequence of
the structural events remains to be defined. The rebinding
of M·ADP·Pi to actin induces the loss of Pi, which is
closely coupled to the power stroke and followed by ADP
dissociation. In the presence of actin, the intermediates
are very short-lived in solution or in a contracting system
at low load. The presence of a significant load attached to
the myosin tail slows down this pathway and probably involves longer lived A·M·D and A·M·D·Pi complexes, but
the structural details remain ill-defined. Studies of these
complexes will need multifaceted approaches that combine molecular engineering with improved optical probe
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techniques to follow conformational changes and binding
and product release as well as the monitoring of mechanical events using single muscle fibres, myofibrils or single-molecule mechanical measurements [15, 120–122].
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