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ABSTRACT: Generating force and movement is essential for the functions of cells and
organisms. A variety of molecular motors that can move on tracks within cells have
evolved to serve this role. How these motors interact with their tracks and how that, in
turn, leads to the generation of force and movement is key to understanding the cellular
roles that these motor-track systems serve. This review is focused on the best
understood of these systems, which is the molecular motor myosin that moves on tracks
of ﬁlamentous (F-) actin. The review highlights both the progress and the limits of our
current understanding of how force generation can be controlled by F-actin−myosin
interactions. What has emerged are insights they may serve as a framework for
understanding the design principles of a number of types of molecular motors and their
interactions with their tracks.
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(CBD) and may also contain motifs (such as coiled-coil
regions) that promote assembly of motors.
There are a number of critical design features that allow
diﬀerent classes of myosins to carry out their individual cellular
roles. The most obvious is the inclusion of specialized regions
that are designed to interact with speciﬁc proteins (i.e.,
cargoes) and either move and/or exert forces upon them.5
Motor/track interactions are required for force production,
and a number of class-speciﬁc forms of regulation have evolved
to prevent the interaction of myosin with actin until force
generation and movement is required to meet a functional
demand.6 Inactive forms of the motors in cells are disrupted by
cargo recognition or signaling,6−8 which thus speciﬁes where in
the cells the myosins will perform their functions. The actin
tracks are polarized, dictating the direction of movement of the
myosin motors. With the exception of only one known class of
myosins (class VI or Myo6),7,9 myosin motors move toward
the + or fast-growing end of actin ﬁlaments.
Myosins are molecular motors that produce force in an
ATP-dependent manner. The hydrolysis state of the nucleotide
governs the aﬃnity of the motor for the track as well as the
conformational changes within the motor domain that lead to
the lever arm swing (Figure 1b). Also of critical importance is
the fraction of the ATPase cycle that the motors remain bound
to actin (known as the duty ratio), both in the absence and
presence of load on the motor. This can allow a single, twoheaded, high-duty-ratio myosin to move a cargo for long runs
(processive movement) or stall it on an actin ﬁlament under
load (Figure 1c,d). Other types of myosin motors work in
ensembles of low-duty-ratio myosins to exert forces as an
assembly of motors while enabling rapid movements, such as
what occurs in the sarcomeres of muscle (Figure 1e).3,13,14
Mutations in the myosin genes can lead to human disease.
There are diseases associated with virtually every class of
myosin.2,15−17 The types of mutations range from missense
mutations that have subtle impacts on the motor function to
truncating mutations that result in complete loss of the myosin.
The myosin for which the most human-disease-causing
mutations are known is the beta-cardiac myosin (a class II
myosin) of the heart. In this case, mutations that cause subtle
changes in function cause cardiomyopathies due to the fact
that the heart is such a precisely tuned pump. Loss of this
myosin would obviously be lethal, but the disease rises from
the fact that a single amino acid change in the sequence of the
motor domain can aﬀect the amount of force produced or
change the amount of motors involved in contraction,17,18
which is suﬃcient to cause cardiomyopathies.15 Loss of other
classes of myosin due to truncating mutations can be tolerated
in terms of viability but can lead to various forms of disease,
based on which cell types are most dependent on that class of
myosin. For instance, hair cells from the inner ear, that are
essential for hearing, cannot survive without class VI myosin,
but other tissues are much less impacted by the loss.19,20
Recent advances have led to identiﬁcation of small molecules
that can modulate structural transitions and tune the force
produced by these motors.21−27 For cardiomyopathies, drugs
are currently in phase 3 clinical trials that can either enhance or
decrease the force produced by cardiac myosin.
Current mechanistic models for force production are limited
by our lack of knowledge about the transitions on F-actin that
trigger the rearrangements in the motor that are linked to force
production. How sequence diﬀerences can lead to diﬀerent
motor properties or how mutations can alter force production
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1. INTRODUCTIONIMPORTANCE OF MYOSIN
FORCE GENERATION IN LIVING CELLS
Producing directed motions in cells requires a combination of
polarized polymeric tracks and nanomachines (molecular
motors) that can move or exert forces along those tracks.
The forces and movements generated by the molecular motors
interacting with their tracks are powered by harnessing the free
energy of the ATP disequilibrium. For this chemo-mechanical
transduction to be productive, it requires gating (to ensure that
only productive interactions are maintained) and rectiﬁcation
that is provided by stereospeciﬁc motor−track interactions.
The ﬁrst biological track and motor system to be described was
the actin−myosin system that powers muscle contraction,
wherein ﬁlaments made of actin are the track and myosin is the
motor. Later, it was discovered that the actin−myosin system
encompasses many classes of specialized myosin motors that
can move on actin tracks to power a large number of processes
in cells. Of all of the molecular motor and track interactions
that exist in cells, the mechanism of chemo-mechanical
transduction is best understood for the actin−myosin
interaction. This review will focus on what is understood
about this mechanism, the questions that remain unanswered,
and the applicability of these design principles to how
molecular motors in general function in cells.
1.1. Importance of Actin-Based Molecular Motors in
Health and Disease

Many cellular functions require directed movements and the
generation of forces that are achieved by molecular motors
moving on polarized tracks consisting of microtubules, actin
ﬁlaments, DNA, or RNA. The actin−myosin system powers
not only the contraction of muscle but also such functions as
cytokinesis, cells crawling on surfaces, formation of diverse
forms of cellular protrusions, and aspects of endo- and
exocytosis as well as Golgi function.1−4 While actin and the
corresponding actin ﬁlaments are highly conserved, the myosin
motors that move upon them are much more divergent.
Twelve distinct classes of myosins are expressed in mammals,4
and each class is specialized for diﬀerent types of cellular
functions.
The basic myosin blueprint is conserved among the diﬀerent
classes (Figure 1a). The motor domain (containing the actin
binding interface as well as the active site that binds and
hydrolyzes ATP) is followed by the lever arm, which is an
elongated region of variable length among myosins that
extends from the motor domain. The main role of the lever
arm is to amplify the conformational changes that occur in the
motor domain during force production. The tail region is also
of variable length and structural composition and plays a
critical role in speciﬁc recruitment and assembly of motors.
Depending on the myosin class, it can be composed of a
diverse globular domain called the Cargo Binding domain
B
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Figure 1. (a) Blueprint of a myosin. (b) Simpliﬁed representation of the ATP-dependent motor cycle of a myosin. Here the motor domains are
colored depending on whether they represent weak (green) or strong (blue) binding states of the motor to actin. Depending on the rate-limiting
steps within the cycle, a myosin can remain bound to actin in states of strong aﬃnity for actin for a signiﬁcant or small amount of its overall cycle
(high or low duty ratio, respectively). (c−e) Examples of myosin motors with diﬀering duty ratios. The pie chart accompanying each example
represents the duty ratio by showing the ratio between weak (green) and strong (blue) binding states for actin of the overall ATPase cycle. (c)
Cargo transporters, such as Myo6, are dimeric, and they are high-duty-ratio motors. (d) Myo1b functions as an anchor under strain. The motor
binds lipid membranes via the tail and acts as a tension-sensitive dock or tether between the actin cytoskeleton and the membrane. (e)
Organization in sarcomeres of muscle Myo2, with the heads depicted in an interacting-head motif that is found in Myo2 ﬁlaments.10−12 These
myosins are low-duty-ratio myosins.

binding proteins. The breakthrough ﬁlamentous-actin (Factin) structure was determined to 3.3 × 5.6 Å resolution
from X-ray ﬁber diﬀraction by Oda et al. in 2009.31 This
structure revealed how the actin subunit within the ﬁlament
diﬀers in the position of the subdomains compared to the free
G-actin monomer. Adding an actin monomer to the ﬁlament
requires the ﬂattening of its four-subunit structure31 (Figure
2b) as well as local rearrangements to form longitudinal
contacts.32,33 Tight longitudinal contacts maintain head-to-tail
interactions with two other actin monomers in F-actin, while
lateral contacts are limited (Figure 2c). F-actin stabilizers such
as jasplakinolide and phalloidin increase these lateral contacts
by binding within an internal pocket37−39 (Figure 2c). Each
ﬁlament subunit is rotated by 166° in unstrained ﬁlaments,
which therefore have the appearance of a double-stranded
right-handed helix (Figure 2d). The N-terminal region is acidic
and intrinsically disordered. The main points of structural
ﬂexibility within F-actin are in the longitudinal contacts
between the D-loop and the C-terminal tail (Figure 2c).
Twisting of the ﬁlament (Figure 2d) can occur upon binding of
protein partners (such as coﬁlin40−43), exploiting internal
ﬂexibility. Cooperativity and long-range communication within
the ﬁlament are promoted by such types of actin binding

is currently unclear. This review will summarize the most
recent insights on how force is produced and modulated by
structural diﬀerences in these myosin motors, which should
guide the future design of myosin-based therapies for human
diseases.
1.2. Brief Overview of the Actin and Myosin Structures

1.2.1. Actin: The Universal Track. Actin is an exceptionally conserved and abundant protein among the eukaryotes. It
is the building block of the thin and ﬂexible ﬁlaments of the
cell cytoskeleton. Numerous proteins bind actin and regulate
the lifetime and the building of F-actin assemblies in cells.
Actin polymerization in networks can itself produce force.
Cells generate and transmit forces across large distances to
mediate cellular membrane deformation and cell motility by
harnessing actin polymerization, branching, and cross-linking.28,29 Here we will focus on the force produced by molecular
motors that belong to the myosin superfamily, which all use
this universal track to generate distinct and speciﬁc forces and
movements in cells.
The unpolymerized monomeric protein, G-actin, is made of
four subdomains,30 with a central nucleotide binding pocket
(Figure 2a) and a hydrophobic cleft between subdomains 1
and 3 that provides the majority of interactions with actin
C

DOI: 10.1021/acs.chemrev.9b00264
Chem. Rev. XXXX, XXX, XXX−XXX

Chemical Reviews

Review

allosterically connected to the lever arm. This lever arm
corresponds to the C-terminal sequence of the head (Figure
1a) that is designed to amplify motor domain rearrangements.
Several classes of myosins have an extension prior to the motor
domain (N-terminal extension), which can participate in the
control of the lever arm position.39,46 The ﬁrst part of the lever
arm, at the C-terminus of the motor domain, is known as the
Converter subdomain and is extended by a variable number of
calmodulin (CaM)/light chain47 binding sites, depending on
the myosin class. The Converter is the most mobile of the four
motor subdomains, and its swing drives force generation
during the motor cycle.
Further extensions of the lever arm can be found in some
classes of myosin, including single stable alpha helices (SAHs)
in class VII and X myosins.48,49 Following the lever arm,
dimeric myosins, such as class II and V, have coiled coils,
which are absent in monomeric myosins, such as class I and
class III. The C-terminal portions of all myosin classes contain
targeting regions that allow interaction with other proteins in
the cell or with lipids from biological membranes.50−52
Historically, the motor domain had been described as
containing three diﬀerent segments of heavy chain that had
been characterized biochemically due to the proteolysis of two
variable loops, called Loop1 and Loop2. The ﬁrst structure of
the motor domain solved by Rayment et al. revealed that the
50 kDa fragment was in fact the major component of two
subdomains (Upper and Lower 50 kDa) separated by an inner
cleft.53 Comparison of myosin X-ray structures53−57 with
diﬀerent ATP analogues bound led to a description of the
myosin motor domain56 in terms of four subdomains [Nterminal (N-term), Upper 50 kDa (U50), Lower 50 kDa
(L50), and Converter] and connectors between them (SwitchII, Relay, strut, SH1-helix), as illustrated in Figure 3a. The actin
binding site contains elements of both the U50 and L50
subdomains, which are separated by a large internal cleft, the
50 kDa cleft, which must close to form a strong actin binding
interface.58,59 While the outer cleft region is part of the surface
of the molecule that binds to F-actin, the inner cleft ends with
the Switch-II connector, near the γPi of ATP when bound in
the active site. Distinct Switch-II conformations occur in
myosin depending on interactions at either the nucleotide or
actin binding sites that control ATP hydrolysis,54 Pi release,60
as well as the movement of the lever arm, known as the
powerstroke.58,61,62 They are linked to diﬀerent extents of cleft
closure and therefore to diﬀerent actin binding surfaces with
distinct aﬃnity for the ﬁlament.
Rearrangements within the motor domain are transmitted to
the Converter by two highly deformable connectors: the Relay
(an extension of the L50 subdomain) and the nearby SH1helix (at the periphery of the N-term subdomain). The
sequence of the connectors is conserved in the superfamily,
and the control of their structural changes by the three
allosteric sites (nucleotide binding, actin binding, and lever
arm) is at the heart of motor function. Another critical element
to control rearrangements within the motor is the Transducer
(the central β sheet and associated loops), which can adopt
distinct conformations that directly aﬀect both the active site
and the inner cleft of the motor58 (Figure 3a). Finally, the
Strut connects the U50 and L50 subdomains and assists in
cleft closure during the motor cycle.36,58 It is currently poorly
known how sequence diﬀerences in the connectors, the
Transducer, or within the motor domain might participate in
tuning motor function. A recent study of the divergent

Figure 2. Actin structure. (a) Crystal structure of G-actin (PDB ID
1J6Z34) in two orientations. The G-actin molecule is composed of
four subdomains (SD1−SD4). A cleft between SD2 and SD4 forms
the nucleotide binding pocket. The hydrophobic cleft between SD1
and SD3 is shown with an arrow. (b) Upper part, Structure of a single
actin molecule within the actin ﬁlament. Lower part, Superimposition
of G-actin and F-actin (PDB ID 5ONV33). The structures are
superimposed on SD3 and SD4. SD1 and SD2 change their
orientations (shown with the arrow) upon actin incorporation into
the ﬁlament. (c) The ﬁlamentous actin (F-actin) structure is stabilized
by interactions between actin subunits (protomers) in a head-to-tail
manner. Each actin subunit forms longitudinal contacts with two
neighboring protomers. The plug is a loop connecting actin SD3 and
SD4.35,36 This structural element creates important interstrand lateral
contacts with the SD1 and SD2 domains of the neighboring actin
molecules within F-actin. Jasplakinolide (JASP) binds and stabilizes
the lateral contacts. (d) Actin forms a double-stranded ﬁlament with
166° helical twist (arrow). Binding of partners or strain applied on the
ﬁlament can modify this twist (dotted line). F-actin pointed (−) and
barbed (+) ends are labeled.

proteins,44 as well as multisubunit binding proteins, such as
tropomyosin.45 Actin ﬁlaments have a polarity, and their ends
(called the plus and minus ends) are distinct from one another.
This polarity of actin ﬁlaments is important both for their
assembly and in establishing a unique direction of myosin
movement relative to actin.
1.2.2. Myosins: A Conserved Motor Domain Superfamily with a Variable F-Actin Binding Surface. The
design of the motor portion of myosin that generates force and
interacts with F-actin is conserved in all classes of myosin that
have been studied. It contains three coupled sites: the ATP
hydrolysis site and the actin binding surface which are both
D

DOI: 10.1021/acs.chemrev.9b00264
Chem. Rev. XXXX, XXX, XXX−XXX

Chemical Reviews

Review

Figure 3. Essential elements of the myosin motor domain. Myosins are allosteric machines containing three major sites: the actin binding surface,
the active site that binds and hydrolyzes ATP, and the mechanical element called the lever arm. These sites are illustrated in a cartoon
representation of scallop myosin 2 in the Pre-powerstroke state (PPS) (PDB ID 1QVI63). (a) Left, the subdomains of the motor domain are
colored as follows: N-terminus (N-term), dark gray; upper 50 kDa (U50), blue; lower 50 kDa (L50), amber; Converter, green. The lever arm
includes the converter and the IQ helical region (cyan), that protrudes from the converter and binds the essential and the regulatory light chains
(ELC and RLC, respectively). Top right, the active site comprises the P-loop and Switch-I that bind the nucleotide. Bottom right, the four
connectors between these subdomains are shown. Switch-II (orange) changes conformation depending on the hydrolysis state of the nucleotide.
The Strut (purple) links the U50 and L50 subdomains. The SH1-helix (red) and the Relay (yellow) are two structural elements that are
cooperatively linked to the converter. (b) The diﬀerent elements of the actin binding surface are represented: HCM-loop, dark red; Loop4, cyan;
Loop2, yellow; helix-turn-helix (HTH), dark blue; Activation-loop, green; Loop3, black. These elements are organized around the internal cleft,
which can be subdivided in two regions: the inner cleft region (ICR) near the active site and the outer cleft region (OCR) near the actin binding
surface. (c) Schematic diagram of myosin with its diﬀerent connectors and loops. The length variability of the actin binding loops is indicated
among the diﬀerent human myosin classes.

Plasmodium falciparum MyoA (PfMyoA) myosin has shown
how subtle sequence adaptations in the connectors can modify
the force generation mechanism.46
The Myosinactin binding surface (MABS) is composed of ﬁve
actin binding loops of variable length and composition as well
as a more conserved helix-turn-helix (HTH) structural element
of the L50 subdomain (Figure 3b). Thus, while the motor

domain design is conserved, the actin binding surface is quite
variable among myosins. This raises the possibility that this
variability in the interactions with F-actin is critical for tuning
the motor properties within this superfamily.
1.3. How Is Force Generated?

1.3.1. General Principles in Force Production by
Cytoskeleton Molecular Motors. A linear motor protein
E
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Figure 4. Basic force-generating cycle and myosin crystal structures. (a) The conserved elementary motor cycle (actin-activated ATPase cycle) for
the myosin superfamily is comprised of three major states that diﬀer in their nucleotide binding state, their aﬃnity for F-actin, the status of the
internal cleft within the motor, and the lever arm orientation. In the Rigor state (I), the myosin is strongly associated with actin with the cleft closed
and the active site contains no nucleotide. Binding of ATP triggers cleft opening and dissociation from the actin ﬁlament, creating the Post-Rigor
(PR) state (II). After an isomerization that allows ATP hydrolysis, the motor is in the Pre-powerstroke (PPS) state (III), with the lever arm up, and
has a weak aﬃnity for the ﬁlament. The Pre-powerstroke state is the ﬁrst state that interacts with F-actin to initiate a powerstroke. Association with
the ﬁlament triggers conformational changes that lead the weakly associated PPS state to reform the strong actin−myosin interface (Rigor) by
closing the cleft, during which the hydrolysis products (Pi and MgADP) are released, the lever arm swings (powerstroke), and force production
occurs. (b) Known myosin structural states are shown for scallop myosin 2 (ScMyo2) in the force-generating cycle. The myosin subdomains and
connectors have been colored as in Figure 3a, and the IQ region with the two light chains (ELC and RLC) bound is shown schematically to better
visualize the lever arm reorientation. The PDB IDs of the structures used for the cycle are 2OS884 (Rigor-like), 1SR685 (Post-Rigor), and 1QVI63
(Pre-powerstroke). (c) The internal cleft and actin binding surface are depicted for states populated during dissociation and repriming of the motor
with the Rigor, Post-Rigor, and Pre-powerstroke states of Myosin V (top to bottom).

case of myosin, F-actin is the track. The powerstroke is
triggered and controlled by actin-driven conformational
changes that govern transitions to the states that have higher
and higher aﬃnity for the track. The last transition of the
powerstroke on actin in which MgADP is released is generally,
but not universally,64−66 linked to an increased aﬃnity of
myosin for actin. The rate of this transition that controls ADP

can move itself along a track or produce force to deform
membranes or contract track networks. The powerstroke of
these sophisticated ATP-powered machines is a largeamplitude structural reorganization of the motor when
bound to the trackthat in essence produces mechanical
work. The motor must adopt a stable primed (i.e., Prepowerstroke) conformation when unbound to the track. In the
F
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from structural studies that the probes to follow this
rearrangement had to be placed on the lever arm in order to
detect signiﬁcant movements.53,57,82
Atomic structures of myosin in the absence of track binding
have led to an understanding of what distinguishes weak and
strong binding states,58,83 as well as which conserved structural
elements in this allosteric motor play essential roles to trigger
the swing of the mechanical element in response to the status
of the nucleotide binding site or the actin interface. In Figure
4b, the main structural states are placed within the Lymn−
Taylor cycle, depicting the required structural changes
occurring for each transition.
Starting from the nucleotide-free or Rigor state, in which
the motor and the track interact strongly, the energy of ATP
binding is used to create strain within the transducer region,
which is coupled to opening of the internal (50 kDa cleft) cleft
and rapid detachment of myosin from F-actin without
appreciable mechanical movement of its lever arm. This initial
ATP state of the motor is known as the Post-Rigor state. Fast
dissociation is linked to opening of the large internal cleft in
the motor upon ATP binding that separates the two main
components of the actin−myosin interface. After detachment,
the ATP-bound motor rapidly isomerizes to a state that can
hydrolyze ATP and in which the lever arm is primed. This
isomerization is called the Recovery stroke. All-atom
molecular dynamics simulations have recently indicated that
lever arm repriming would be mostly driven by thermal
ﬂuctuations and eventually stabilized by Switch-II interaction
with the nucleotide in a ratchet-like fashion.86 Several transient
states are thus rapidly explored, ultimately allowing the
population of a state in which hydrolysis of ATP can occur,
the Pre-powerstroke (PPS) state (Figure 4b). This PPS state
has been trapped in crystals with ADP.Pi analogues.54,55,57,87
Hydrolysis stabilizes this primed state that has a weak aﬃnity
for the actin track. The stability of this PPS state is linked to
the trapping of the hydrolysis products: Inorganic phosphate
(Pi) and MgADP, which are tightly coordinated until binding
to actin initiates force generation. Once myosin does interact
with actin, the PPS state can only associate weakly88,89 until
surface loops at the actin interface position the myosin motor
to interact stereospeciﬁcally with actin (likely via electrostatic
steering). These actin interactions induce a conformational
change in myosin to bind more strongly to actin, initiating
force generation.60 This ﬁrst transition allows not only the
formation of a stronger actin binding interface and a small
change in lever arm swing but, importantly, opens a back
door90 to facilitate the release of Pi from the active site.
Further, rapid changes in the actin interface91,92 are coupled to
the major component of the powerstroke (lever arm swing) to
generate more force. Thus, strengthening of the interactions
with F-actin is allosterically communicated to the nucleotide
binding site and the lever arm. This major component of the
powerstroke also gates the reaction, since the release of Pi is
irreversible under unloaded conditions. This is followed by an
additional lever arm swing associated with ADP release,78,93
which may be driven either by much smaller changes at the
actin interface39,94,95 or simply by the relaxation of the
transducer that is coupled to nucleotide release.
Overall, several transitions of the motor are controlled by
distinct sets of actin−myosin interactions and their timing is
essential to deﬁne the force the motor can produce, in
particular under load. The interaction with actin is disrupted
when ATP binds to the empty active site, causing the myosin

release is key to tuning the duty ratio and varies greatly among
myosins.3,13,14 It is a transition that modulates the duty ratio
under load and can be tuned to create a myosin that is a more
eﬀective anchor on actin than it is a transporter.67,68 Thus,
motor/track interactions are coupled to the directed movement of the force-generating mechanical elements.
The ATPase activity of the unbound motor is intrinsically
slow due to slow dissociation of Pi and ADP in myosins. Thus,
interactions with F-actin trigger the powerstroke by accelerating these intrinsically slow product release steps, which is
coupled to transduction of the chemical energy from the ATP
into mechanical work along the track. Along the cycle, ATP
binding, ATP hydrolysis, and sequential release of hydrolysis
products (Pi and then ADP) are all key transitions in the motor
cycle that induce distinct structural states of the motor that
have diﬀerent aﬃnities for the actin track, allowing attachment/detachment of the motor domain. States that are
detached from the ﬁlament are important as well, since the
motor must be reprimed by ATP binding and hydrolysis before
force can be produced again.
Early mechanical models of how the actin−myosin
interaction might generate force were based on studies of
force development by striated muscle but captured many
features that we are now trying to understand in light of the
current structural and enzymatic data on many myosin classes.
In 1957, A. F. Huxley proposed a model that was essentially a
Brownian ratchet.69 It proposed that the polarity of the actin
ﬁlament generated preferential sites of attachment for myosin
and that myosin binding to those sites rectiﬁed Brownian
motion, thus generating force. While the model was overly
simplistic, it made the point that the initial stereospeciﬁc
binding of myosin to actin is the ﬁrst component of force
generation. Later work from Huxley and Simmons (1971)70
involving the response of muscle to rapid length changes made
it clear that the force generation must take place in multiple
transitions, which we now understand to be transitions coupled
to swinging of the myosin lever arm (powerstroke) following
the initial binding of myosin to actin. However, we have only a
few insights into the nature of the actin−myosin interface as it
transitions between the force-producing states, or how changes
in this interface are coupled to swinging of the lever arm, as
will be presented below.
1.3.2. The Motor Cycle of Myosin Motors. Early kinetic
studies of the motor/track interactions have deﬁned the
Lymn−Taylor basic actin-activated ATPase cycle (or motor
cycle) of myosin71 (Figure 4a). Myosin detaches from the
track upon ATP binding and then undergoes a rapid
isomerization. ATP hydrolysis (which is reversible in
Myo272−74) stabilizes the Pre-powerstroke state, a conformation of the motor that has a weak aﬃnity for F-actin.
Reassociation to F-actin triggers the release of Pi followed by
ADP, increasing the aﬃnity of the motor for the track, which is
highest when no nucleotide is bound (Rigor state) for the vast
majority of myosins.
As noted above, early studies revealed that the process of
force generation must consist of several components.70 This
led to proposals that some type of reorientation of the myosin
motor (or part of the motor) on actin would be the essence of
force production.75,76 This hypothesis was reﬁned and became
the swinging lever arm model77 of force production once a
high-resolution structure of myosin was available.53 Evidence
for this model was obtained in the mid to late 1990s by
multiple experimental approaches,78−81 when it became clear
G
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variations in the actin−myosin interactions is currently
unknown.

dissociation restarting the cycle. As stated above, the duty ratio
characterizes the time the motor stays in the actin-bound forcegenerating states compared to the whole cycle.3,13,14 This
important parameter for tuning the motor function depends on
the kinetics of the transitions into and out of the forcegenerating states and their load dependence. Low-duty-ratio
motors are adapted to high velocity by allowing fast cycling of
motors as an assembly. The low duty ratio is achieved by a
slow rate of entry into the ﬁrst force-generating state on actin.
Processive and force sensing motors3,13,14 must have a high
duty ratio, which is generally achieved by slowing the rate of
ADP release from myosin while bound to actin under a
resisting load.
1.3.3. Main Questions Regarding Force Production
by the Myosin Motors. The three main components in
myosin motors (Figure 1a), the motor itself, its lever arm but
also the tail which plays a critical role in deﬁning how motors
are assembled, are all critical to deﬁne the cellular functions a
motor is best designed to accomplish. All three parts of the
motor are critical to stabilize the inactive state of the motor,
since they are then involved in internal autoinhibitory
interactions.6,10−12 These regions also play major roles in
coordinating the spatial and temporal recruitment of motors
and their assembly.6 In cells, motor activation must indeed be
spatially and temporally controlled. Cargo/partner binding via
the tail or N-terminal extensions of myosin motors deﬁne their
speciﬁc cellular recruitment, but whether signaling is required
to destabilize the inactive state prior to recruitment is currently
unknown. The role of the lever arm is to deﬁne the step size
and orientation of the force produced.96−98 In Myosin X, the
lever arm and its dimerization region favor stepping on parallel
actin ﬁlaments, which is adapted for its function in
ﬁlopodia,99−102 rich in such actin bundles.
Brownian motion and electrostatic steering are key in
directing the initial weak interactions of the motor with actin.
Strain exerted on the landing head favoring or disfavoring the
ﬁrst transition allowing the engagement of the head in the
powerstroke is critical to promote either force generation or
detachment of the head.103,104 Thus, myosin motors use both
rectiﬁcation of Brownian motion105 and directed movement
via lever arm swing to produce force. The docking site on actin
of a lead head of a two-headed, processive motor is dependent
on the actin binding sites best positioned for productive
binding that allow the motor to engage in strong interactions,
and is further constrained by the design of the myosin lever
arm.96−99
The motor characteristics deﬁning the force produced and
its sensitivity to load are intrinsically linked to the timing of the
transitions the motor domain undergoes when bound to Factin and the extent of lever arm movement associated with
each transition. Little is known at present about how F-actin
controls these conformational changes. It is critical to
understand how interaction of weaker structural states can
drive motor rearrangements and lead to stronger binding
interfaces. The role of the track is highlighted by the ﬁnetuning that actin isoforms can play in some myosin kinetics.106
In cells, F-actin ﬁlaments can be bound to diverse tropomyosin
isoforms that are also important modulators of myosin
functions.107−109 Tuning the kinetics of the transitions and
the energy barrier for their reversibility under load is at the
essence of the properties these motors can provide within a
cell. Since the track is conserved, how much of motor
adaptation comes from internal allosteric tuning versus

1.4. Structural Studies Provide Precise Mechanistic
Insights on How Force Is Generated

Multidisciplinary research is essential for gaining insights into
chemo-mechanical transduction and to deﬁne the properties
that distinguish members of the myosin superfamily. Structural
data is particularly insightful, as they provide atomic details
about the motor rearrangements. Previous studies on the
unique motor that goes in the reverse directionMyosin VI
clearly illustrate how structures can shed light on motor
mechanisms and adaptations that allow new functions.7 The
reverse directionality in this motor mainly comes from the
redesign of its Converter with the adjacent 40-residue long
insert, which repositions the lever arm in the opposite
direction.7,110 The measured size of the Myo6 powerstroke
appeared to be too large to be compatible with a lever arm
swing. High-resolution structures obtained by X-ray crystallography revealed that the structural elements within the Myo6
Converter undergo conformational changes between the preand poststroke states, a rearrangement that leads to the
unexpectedly large lever arm swing.7,111
Furthermore, it was a new structural state of Myo6 that
provided the ﬁrst structural insights into the rearrangements
the motor undergoes to initiate force production and to release
Pi from the active site.60 Functional studies based on these
insights conﬁrmed that Pi release occurs from a structural state
in which cleft closure has not yet occurred. This study
represents a major milestone in deciphering how the
powerstroke is directed by actin binding. Cryo-electron
microscopy (Cryo-EM) structures of a number of myosin
classes are also milestones in this understanding, as the
resolution achieved provided details for the contacts that occur
in strong binding states of the motor.36,39,95
Further structural studies are essential to gain an understanding on how the motor produces its mechanical work and
how mutations may enhance/decrease the intrinsic force
produced and cause human diseases, such as in hypertrophic or
dilated cardiomyopathies.112 The limitations of current models
stem from our profound lack of understanding of the actin−
myosin contacts in weak and strong actin-bound states that
drive force generation. We will examine the conundrum of
where in the motor domain are the main sequence diﬀerences
that are critical for kinetically tuning the transitions of the
powerstroke to achieve diﬀerent motor properties. The
variability in the actin binding surface (MABS) among myosin
family members is likely part of the answer due to its role in
altering the kinetics of the actin-driven transitions. However,
lack of sequence conservation could also reﬂect a lack of
functional signiﬁcance of these variable regions. For an
allosteric enzyme, such as myosin, it is thus not trivial to
decipher how sequence diﬀerences within the motor domain
have an impact in modulating myosin activity.66,113 Studies on
alternative exons in Drosophila muscle myosin 2 have begun to
provide insights in this regard.114−116 Sequence diﬀerences
responsible for tuning the motor may also reside in locations in
the motor that have yet to be identiﬁed, or in variable sequence
extensions of the motor that inﬂuence the swing of the lever
arm.39,46 Thus, a full understanding of the evolutionary tuning
of myosin motors as well as the impact of many humandisease-causing mutations awaits a more detailed understanding of how actin and myosin interact throughout the
H
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Figure 5. Illustrated time line of the structural biology contributions that lead to current understanding of the actin−myosin motor mechanism.
Contributions obtained by X-ray crystallography and ﬁber diﬀraction are illustrated on the top, while contributions from electron microscopy are
illustrated on the bottom.

structure, but this was still limited to 4.7 Å resolution in the
best resolved regions.117,118
In 1993, EM studies of the actin−myosin rigor complex at
30−20 Å resolution119,120 described the rough orientation of
the motor when bound to F-actin as well as the downward
position of the lever arm (Figure 5).119,120 They also
recognized that myosin binds at the junction between two
adjacent actin monomers in the long pitch helix. When
interpreted with the myosin crystal structures available at the
time (Post-Rigor)a state of low aﬃnity for F-actinthey
described the myosin structural elements predicted to interact
with F-actin but the interface could not be properly described.
Indeed, it was not possible to guess the structural changes in
the motor or in the track needed to create a proper interface
without steric clashes. In 2003, using zero-loss energy-ﬁltered
imaging, a Cryo-EM map up to ∼10 Å resolution was
published for the Rigor state59 back to back with the structure
of Myosin V in a previously unseen Rigor-like state
(crystallized without actin and no nucleotide bound).58 This
data convincingly described that the conformation of myosin

force-generating cycle. This review will outline the current
knowledge and gaps in knowledge in achieving this understanding.

2. EARLY STUDIES ON HOW MYOSIN INTERACTS
WITH F-ACTIN
2.1. From X-ray Studies to the Cryo-EM Revolution:
Milestones in Understanding the Actin−Myosin
Interactions

Achievements in understanding how myosin produces force on
F-actin has been a long-standing endeavor, always searching for
higher resolution in depicting their structural states. While the
structure of F-actin had been described at 8.4 Å resolution by
the use of X-ray ﬁber diﬀraction of oriented F-actin gels35 in
1990, ﬂattening of the monomer upon its incorporation into
the ﬁlament was described in 2009 with studies at 3.3 × 5.6 Å
resolution.31 In 2010, the resolution of Cryo-EM studies for Factin ﬁlaments was suﬃcient to describe the secondary
I
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the active site. While the ADP is held in the P-loop, Mg2+ and
ADP must indeed interact with Switch-I for strong binding.62,83,94,126,127
The ﬁeld has greatly beneﬁtted from the recent Cryo-EM
revolution operated in recent years, and the actin−myosin
structure in Rigor has been solved at near-atomic resolution
(3.9 Å) with the non-muscular myosin 2c (NM2c) by Stefan
Raunser and colleagues.36 This structure was the ﬁrst to allow
building of the side chains in the electron density map and to
describe precisely the contacts between myosin and the actin
ﬁlament. The near-atomic structure of the Myo1b actin−
myosin complex in Rigor (3.9 Å resolution) and in the StrongADP state (3.3 Å resolution) provided the direct comparison
of the interface for diﬀerent states of this motor upon ADP
release.39 These studies are the most accurate to date for
discussing the conservation of the actin−myosin interface
among myosin family members.

of highest aﬃnity required a full closure of the internal cleft
between the L50 and U50 subdomains (50 kDa cleft). Nine
years later, the ﬁrst sub-nanometer resolution structure of the
rigor complex of an actin−tropomyosin−myosin complex
containing Dictyostelium discoideum myosin-1E (DdMyo1E)121
was reported. This structure, solved at 7.4 Å best resolution,
provided the ﬁrst visualization of the secondary structural
elements in a Rigor state and the conformation of most loops
involved in actin binding.121 However, the resolution was still
insuﬃcient to describe the contacts at the interface and be sure
that all actin binding elements (in particular Loop2) were
indeed involved in the rigor interface.
The last step of the powerstroke, ADP release, was also
studied by Cryo-EM by comparing decorations of actin−
myosin in Rigor and saturated with MgADP. These structures
revealed that an ∼30−35° swing of the lever arm occurs for
smooth muscle myosin II78 and myosin I.93 The resolution in
these studies (30−20 Å) was not suﬃcient to observe the main
diﬀerences in the motor domain, although computer-assisted
docking and diﬀerence maps were used to suggest that an
overall reorientation of the motor would occur as well as
rearrangements in speciﬁc sites of the motor domain.122
Higher-resolution Cryo-EM studies of Myo5 (∼7.6 Å),94
Myo1b (3.2, 3.8, and 3.9 Å),39 and Myo6 (4.6 and 5.5 Å)95
bound to F-actin have shown that the actin binding interface
does not change much, if at all, upon ADP release and that
there is no reorientation of the motor on the track during this
transition.
Diﬀusion limited binding of nucleotide-free Myosin V
provides evidence that this myosin does not require major
conformational changes to associate with F-actin.58,123 This is
not true for Dictyostelium Myosin II or Myosin VI, and in fact,
the Rigor-like states crystallized for these myosins do not have
a fully closed cleft.110,124 Cryo-EM data at 3.9 Å resolution for
the human cytoplasmic non-muscle myosin 2c (NM2c) actin−
myosin rigor complex36 showed later that the cleft is fully
closed in Rigor and that the Rigor-like structure of Myosin V in
the absence of F-actin truly corresponds to the Rigor (myosinbound) state.58
Atomic coordinates at 2 Å resolution of Rigor-like and ATPbound states of Myosin V revealed in detail the major changes
occurring in Myosin V upon ATP binding.58,83 Nucleotide
binding stabilizes the twisted conformation of the Transducer
(central β sheet and associated loops, Figure 3a), allowing
Mg2+ATP coordination via two elements of the nucleotide
binding site, namely, the P-loop and Switch-I (Figure 3a), that
cannot occur in the Rigor structure in which the open active
site can only bind nucleotide weakly. While the cleft between
the U50 and L50 subdomains is closed in Rigor, it is fully open
in the Post-Rigor state (Figure 4c), that promotes dissociation
of the motor from F-actin. Large separation between two major
sites of the actin interface describe how myosin can adopt a
weak (μM) and strong (nM) actin binding interface. The
mechanism of quick dissociation of the motor without any
lever arm movement was thus revealed at 2 Å resolution by
direct comparison of the Rigor-like and Post-Rigor structures
of Myosin V (reviewed in refs 62 and 125). The Transducer
also plays a critical role in closing the internal cleft during the
powerstroke on F-actin in coordination with events in the
active site.58,62,94 Diﬀerent twists of the Transducer beta-sheet
can aﬀect the relative position of the P-loop (which is part of
the N-term subdomain) and Switch-I (which is part of the U50
subdomain), and thus may control the release of MgADP from

2.2. Why Is Actin−Myosin a Challenge for Structural
Biologists?

The main diﬃculty in describing how myosin interacts with Factin is the ﬁbrous nature of the actin ﬁlaments that makes it
recalcitrant to crystallization. Despite several creative strategies
since the early 1990s,128−130 it has not been possible to
produce an actin oligomer of deﬁned size for crystallization
with myosin bound. Cryo-EM is thus the only method
available at present to study the structure of this complex, and
the resolution of the electron density map has been improving
greatly by recent advances in detector hardware and imageprocessing software. However, the dynamic nature of the
complex probably limits the current achievable resolution,
since the motor and the F-actin track may explore several states
in a particular decoration. The ﬂexible nature of the ﬁlament
and the need of full homogeneous decoration requires
persistent trial and error assays to obtain an actin−myosin
complex suitable for high-resolution structures. Development
of new speciﬁc methodologies for structure determination131
will likely overcome the speciﬁc challenges of this system and
lead to the best resolution achievable.
The average resolution cited previously for Cryo-EM
structures36,39,95 is in fact best for the F-actin ﬁlament and
decreases for regions of myosin further away from the
interface. Lower average resolution maps (5−6 Å) are not
always suﬃcient to identify the position of Cα and thus the
precise conformation of the motor connectors. The modeling
of several elements of the interface cannot be described
accurately from the electron density map in these studies; these
limitations are not always reﬂected in the coordinates of these
structures, which are often completed by model building
despite lack of density. Higher resolution (better than 4.0 Å) is
essential to deﬁne most of the side chains responsible for the
contacts at the interface. While the knowledge acquired from
X-ray structures of each protein, including actin binding loops,
helps in interpreting these electron density maps, direct study
of the maps, rather than the model built from the map, is
critical to describe the validated structural information.132,133
The challenge is to obtain high-resolution structural states for
each of the subclasses explored by the system due to its
dynamic nature. This is likely the limiting factor in resolution
when the structural changes are particularly small in amplitude
or highly dynamic. Note that other cytoskeleton motors are
even more diﬃcult to study. For dyneins, the track binding
region and the motor domain are linked by elongated and
J
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Figure 6. Myosin elements involved in actin binding. (a) Left, comparison of the actin binding surface (MABS) of non-muscle Myosin 2c (NM2c,
EMD816536), Myosin 1b (Myo1b, EMD733139), and Myosin 6 (Myo6, EMD711695) from actin−myosin Rigor EM structures. The actin binding
elements of the motor domain (gray) are colored as follows: HCM-loop, red; Loop4, cyan; Loop2, yellow; HO-helix, violet; helix-turn-helix
(HTH), dark blue; Activation-loop, green; Loop3, pink/purple/black. The Myo6, Myo2, and Myo1 structural elements are distinguished by a color
gradient (from a lighter to a darker color, respectively). Residues that belong to the strut are indicated as balls. Right, schematic representation of
these actin binding elements organized in two modules, the U50 and L50 modules, as well as the interactions existing within them. The dashed
lines correspond to contacts between the actin binding elements (shown in detail in parts b and c). (b and c) Shown are the side chains of residues
involved in the interactions between the actin binding elements within the U50 and L50 modules, respectively.

ﬂexible structural elements. Myosin has large subdomains and
explores conformational changes of large amplitude within its
motor cycle, making it relatively easy to distinguish diﬀerent
states of the motor.

contacts formed were possible (see part II of this review).
Other actin−myosin structures solved recently describe the
overall features of the Rigor state of smooth muscle myosin-II
(at 6.0 Å average resolution)135 and fast skeletal muscle
myosin-II (5.2 Å best resolution).136 The description of the
interface we are providing in this review is based on the
highest-resolution maps that have since become available.36,39,95
The highest-resolution structures of NM2c and Myo1b36,39
bound to F-actin are indeed key achievements for the ﬁeld,
which allow us to assess for the ﬁrst time how conserved the
strong actin−myosin interface is among family members.
Another actin−myosin study has been performed at lower
resolution, providing the Rigor and Strong-ADP states of
Myo6 (at 4.6 and 5.5 Å best resolution, respectively).95 To

3. THE STRONGLY BOUND ACTIN−MYOSIN
INTERFACE
Structural regions of F-actin and myosin that deﬁne the rigor
interface have been approximately described since 1993, when
the ﬁrst myosin X-ray structure53 became available. A rough
description of the rigor interface (reviewed in Milligan
1996),134 namely, the regions that likely are in contact on
either side of the interface, emerged from early EM
studies119,120 that were interpreted using X-ray structure
coordinates.53 However, no details of the actin−myosin
K
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compare these structures, the electron density maps, rather
than the model coordinates that interpret them, were studied
here to avoid overinterpretation. These results allow a broad
discussion on the conformational structural adjustments
required to form the rigor interface and the conservation of
contacts with F-actin among diﬀerent myosins. Interestingly,
these three myosins are representative of functionally distinct
classes of motors, since they are adapted for force sensing
(Myo1), low duty ratio/contractile (NM2c), and reverse
direction processive movement (Myo6).

Activation-loop is much shorter, but it is also of variable
length and composition (Figures 3c and 6c).
In conclusion, the variability in sequence and structure is
quite pronounced except for the L50HTH surface, which raises
the question of whether the interactions with the F-actin track
that drive the powerstroke are conserved among myosins. This
variability in the loop sequences could however correspond to
unrestricted parts of these structural elements if most of their
sequences do not participate in actin binding. Interestingly, the
anchoring points of these loops allow restricted ﬂexibility but
also communication between them (Figure 6b,c). With
possible variability in the exact way the cleft can close and
orient the two main sites of the actin binding surface, the actin
surface explored by myosin is large, since the myosin side of
the interface is structurally plastic and dynamic. However, the
actin binding elements are not independent of each other,
which is essential to transmit conformational changes to the
rest of the motor. However, predicting of how the actin
binding interface might be modiﬁed during progression
through the powerstroke is currently impossible. It is thus
critical to gain insights from high-resolution structures to
address these questions.

3.1. The Myosin Side of the InterfaceGeneral
Characteristics of the Actin Binding Surface (MABS)

On the myosin side, the Myosinactin binding surface (MABS)
consists of two main sites found on the L50 and U50
subdomains (Figure 6a), which can drastically change in
orientation depending on the closure of the internal cleft that
separates these subdomains (Figure 4c). This cleft closure
mechanism induced by actin binding is the major element that
distinguishes weak and strong binding states. The crystal
structures of myosin unbound to actin provide high-resolution
information on the MABS in diﬀerent states of the motor cycle
as well as the structural ﬂexibility of its elements. The
variability found for this interface in three Cryo-EM Rigor
actin−myosin structures is presented in Figure 6. The most
conserved region of the MABS is the helix-turn-helix (HTH)
surface whose conformation is highly constrained, as it
corresponds to the large surface of the L50 subdomain made
of the L50HR and L50HS helices.137 Here, structural variability is
only present at the tip, in the short hydrophobic turn between
the helices (Figure 6a). The rest of the interface is made of ﬁve
loops that vary in length and composition (Figure 3c, Figure
6a). Loop2 is intrinsically disordered and is the most variable.
In the majority of the myosin structures solved to date, only
the anchorage points are deﬁned in the electron density. Loop2
links the U50 to the L50 subdomains near the strut, a short
structural element of deﬁned length, important for closure of
the inner cleft near the actin interface. The Loop2 C-terminal
end, which is rich in positively charged residues, is anchored to
the L50 subdomain, as it ends in the L50HW helix137 that spans
one side of the internal cleft. On the opposite side of the cleft,
the long U50HO helix137 follows the C-terminal region of the
HCM-loop, also named the TEDS loop after a consensus motif
of phosphorylation138 (Figure 6a). We use the more common
nomenclature, “HCM-loop”, in this review.
On the U50 subdomain, two variable loops are oriented
toward F-actin, the HCM-loop and Loop4 (Figure 6a,b).
These loops fold as antiparallel beta-hairpins at their base, with
a more ﬂexible loop region of variable length at their tip. Both
of them are anchored within the U50 with restricted ﬂexibility
at the anchorage points. Communication between these loops
also occurs, since they directly interact at their base (Figure
6b).
On the L50 subdomain, three structural elements bind actin:
the helix-turn-helix (HTH), Loop3, and the Activation-loop.
The Activation-loop directly precedes the HTH, while Loop3
follows it. The N-terminal sequence of Loop3 serves to anchor
it rigidly to the L50 subdomain via beta-sheet-type
interactions, and it also makes close contacts with the
Activation-loop (Figure 6c). The rest of Loop3, which is
where contacts with F-actin can occur, is highly ﬂexible and
variable in length and composition (Figure 3c). The

3.2. Overview of the Actin−Myosin Rigor Interface

In the high-aﬃnity rigor complex, myosin binds an extensive
surface of the F-actin ﬁlament (Figure 7a) (∼1630 Å2 for
Myo1b, ∼1740 Å2 for NM2c), which is consistent with the nM
aﬃnity of the complex (≤10−8 M).66,139−141 Complementarity
in overall shape, interacting hydrophobic surface residues, as
well as complementary charged residues all contribute to the
formation of this high-aﬃnity interface (Figure 7b). Two
adjacent actin subunits of the ﬁlament are involved in myosin
binding. Thus, the higher aﬃnity of myosin for F-actin
compared to G-actin142 is not only due to the structural
changes that distinguish these two actin forms31 but mainly
from the fact that a larger surface can contribute in the
polymerized form of actin. Most of the interactions are
centered on the subdomain-1/subdomain-3 surface of Actin-1
and extended on the subdomain-2 surface of Actin-2 (Figure
7c).
The contacts between F-actin and myosin can be described
as occurring on six adjacent sites that deﬁne the footprint
myosin occupies on the F-actin surface (Figure 7c). The large
primary binding site on F-actin is recognized by the L50HTH
and spans the junction between two adjacent actin monomers
in the long pitch F-actin helix (Figure 7c, blue balls). This
L50
HTH site is formed by a hydrophobic groove deprived of
negative charges (Figure 7b) between the Actin2D-loop
(subdomain-2) and Actin1subdomains 1 and 3. The adjacent
most conserved site extends on Actin1subdomains 1 and 3 and
interacts with the U50HCM-loop (Figure 7c, red balls). It
mainly comprises hydrophobic and a few negatively charged
residues on F-actin, complementary to the mainly hydrophobic
residues of the U50HCM-loop (Figure 7b). On the periphery of
this central interaction zone (Figure 7c, blue and red balls),
three peripheral sites correspond to the interactions that
L50
Loop3, the L50Activation-loop, and U50Loop4 can make,
respectively, with Actin2Subdomain-1 (Figure 7c, gray balls),
Actin1
Subdomain-1 (Figure 7c, green balls), and Actin1Subdomain-3 (Figure 7c, cyan balls). Finally, additional interactions
of Actin1Subdomain-1 can occur in some rigor actin−myosin
complexes with Loop2 and the L50HW helix next to the central
primary region (made of the L50HTH and U50HCM-loop).
L
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changes the helical twist of the ﬁlament,94 but this is not the
case for Myo1b.39 The current resolution of Cryo-EM electron
density maps needs to be improved to conﬁrm whether
changes in the actin conformation could contribute to stabilize
diﬀerent states of the powerstroke.95 Only minor changes in Factin are indicated in higher-resolution maps obtained for
NM2c and Myo1b,36,39 and it is possible that the motor in fact
selects conformations that F-actin naturally explores. Only
indirect observations are currently available to assess whether
this ﬂexibility is required for full force generation,146 and it is
not clear when during the powerstroke a change in the F-actin
structure occurs. In fact, some of the evidence for a required
actin structural change comes from experiments using crosslinking or probes that can themselves introduce bias and
perturb the actin structure.148,149 The highest-resolution
structures of F-actin in diﬀerent nucleotide-bound states32,33
are the ﬁrst to provide direct visualization for structural
conformational variability within the ﬁlament and where
changes may occur upon binding of myosin, as summarized
below.
3.3.1. F-Actin High-Resolution Structures and Filament Dynamics. The seminal ADP-bound F-actin structure
was solved by ﬁber diﬀraction reaching 3.3 Å resolution in the
radial direction.31 Two Cryo-EM studies provide details of the
interface between subunits and the nature of the interactions
that build the ﬁlament32,33 (Figure 8a). Several F-actin
structures were solved under diﬀerent nucleotide conditions32,33 that depict the structural diﬀerences between a
young (ATP- or ADP.Pi-bound) and an old (ADP-bound) Factin structure. Interestingly, the landing rate and run length of
Myosin V are higher on young, ADP.Pi ﬁlaments, while they
are longer for Myosin VI on old, ADP-bound ﬁlaments.150 The
ADP.Pi ﬁlaments are more rigid than ADP ﬁlaments according
to their persistence lengths of 13.5 and 9 μm.151
Using diﬀerent γPi analogues to visualize ATP or ADP.Pi
states of the ﬁlament, two Cryo-EM studies32,33 describe how
formation of the ﬁlament leads to fast ATP hydrolysis in the
added subunit.152 However, the two studies derived diﬀerent
models of the young (ATP- or ADP.Pi-bound) F-actin state.
The major changes in these structures occur at the D-loop/Cterminal longitudinal (intrastrand) contacts, which involve the
most dynamic regions of the ﬁlaments (Figure 8b). In ADPbound ﬁlaments, a variable closed conformation of the D-loop
does not interact strongly with the C-terminal peptide of the
adjacent actin subunit in both studies.32,33 An open
conformation of the D-loop was reported to be predominantly
explored in ﬁlaments stabilized by either ADP.BeFx or
jasplakinolide with either ADP or ADP.Pi by Raunser et al.33
This open D-loop conﬁguration makes strong intrastrand
interactions with the unwound C-terminal peptide. Raunser et
al. suggest that the open D-loop conﬁguration at this interface
is only explored in young (more rigid) ﬁlaments and would
account for the selective recognition of ATP- versus ADPbound ﬁlaments by proteins such as coronin-1.33 While a highresolution structure of the F-actin/coronin-1 complex is
required to conﬁrm this, the structural-based selectivity cannot
be the full story, since several states can be explored for a
particular nucleotide, and diﬀerences in the dynamics of Factin are highly dependent on the nucleotide bound. The open
D-loop conﬁguration was not observed32 or was not
predominant33 when ADP.Pi or AMPPNP were bound. Lack
of evidence for the open D-loop conﬁguration in AMPPNP
and ADP.Pi F-actin ﬁlaments led Chou and Pollard32 to

Figure 7. The actin−myosin interface. (a) The non-muscle Myo2c
motor domain (NM2c) bound to F-actin (PDB ID 5JLH36) (with
only three actin subunits) as well as tropomyosin are shown. (b) Actin
(left) and myosin (right) surfaces (within a 5 Å distance of each
other) are colored according to the surface electrostatic potential
distribution (red −5; blue 5 KbT/ec). (c) Residues making
interprotein contacts (within 4 Å distance) are shown as balls.
Right, the myosin actin binding structural elements are shown in
diﬀerent colors. Left, actin residues are colored depending on the
myosin structural elements that contact them.

Interestingly, the major binding sites (L50HTH and U50HCMloop) at the core of the interface are formed by the surface of
F-actin near the intrastrand interactions deﬁned by the Dloop/C-ter interactions, which are the most variable among Factin structures, as we will describe. This will set the stage to
discuss whether binding of the motor during the powerstroke
could inﬂuence the structure of the ﬁlament per se and how
much dynamics in the ﬁlament itself is required for force
production.
3.3. The Actin Side of the Interface

Whether or not actin conformational changes occur upon
myosin binding has not been easy to assess. Such changes have
been suggested, based on early observations that decoration of
actin ﬁlaments by myosin heads leads to fully decorated as well
as completely naked ﬁlaments on the same negative stain EM
grid,143 an observation attributed to a cooperative eﬀect.144
Several lines of experimental evidence indirectly suggest that
actin changes conformation and that its dynamics may be an
important factor for force generation, as reviewed by Thomas
et al.145 and Galkin et al.146 Baker and Voth147 used all-atom
molecular dynamics and coarse-grained simulations to probe
possible actin conformations. More recently, it has been
reported that decoration with Myo5 in the Strong ADP state
M
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Since myosin motors can develop work under strain when
bound to F-actin, studying how motor interactions change the
F-actin structure and its dynamics along the cycle is essential.
3.3.2. F-Actin Structure When Myosin Is Bound in
Strong-ADP and Rigor States. All actin−myosin structures
determined to date at 3.3−4.6 Å best resolution36,39,95 indicate
that the F-actin ﬁlament is not twisted upon myosin binding in
the Rigor state. The actin side of this interface is similar in
these structures,36,39,95 with some reported minor changes in
the Myo6-bound structure (see below). The closed conﬁguration of the D-loop is critical in the hydrophobic core of this
complex and is stabilized by strong interactions with the
myosin HTH surface, which cannot occur with an open
conﬁguration of the D-loop (Figure 8c). Note that no steric
clash would however occur between myosin bound to an open
conﬁguration of the D-loop.
Overall, minimum diﬀerences are found on the actin side
when these rigor decorations are compared, and the same Factin conformation is seen for the Strong-ADP state of Myo1b.
Local changes are restricted mainly to the intrinsically
disordered N-terminus region that does not always participate
in myosin binding and to the C-terminus peptide of F-actin
(after residue H371) which is helical and stabilized by intrasubdomain-1 interactions in reconstructions with NM2c and
Myo1b but is less ordered in Myo6 decorations. The D-loop
seems to adopt in fact a more disordered state when Myo6
binds,95 which is possibly related to its preference for ADPbound, less rigid ﬁlaments rather than ADP.Pi-bound
ﬁlaments.150 The fact that the ADP-bound F-actin structure
is conserved among these myosin strong binding states while
the decoration is done with or without F-actin stabilizers
(Myo1b) may indicate that strong binding of myosin selects
the closed D-loop conﬁguration, but more actin−myosin
structures are required with the use of jasplakinolide to
establish whether the open D-loop is destabilized by myosin
binding. In contrast to Myo6, Myo5 not only has a preference
for ATP-bound F-actin tracks, but low-resolution Cryo-EM
analysis suggested that its Strong-ADP state would induce a
diﬀerent twist in F-actin.94 Higher-resolution studies of both
the Rigor- and Strong-ADP-bound states of Myo5 (with and
without jasplakinolide) could provide important further
insights on how myosin may inﬂuence F-actin in the strong
bound states and its relationship with selectivity for some
myosins for young versus old F-actin tracks. The current
structures indicate, however, that the impact of the myosin
motor on its track is minimal in the Rigor state and that
twisting of the ﬁlament does not occur in this state even upon
saturation of the actin binding sites by myosin motors.
Whether myosin induces long-range conformational changes
in the actin ﬁlament upon populating strongly attached states
and whether this is mainly communicated by the thin ﬁlament
regulation proteins on F-actin in muscle needs more
investigation. Cryo-EM structural studies that require saturation of the sites by myosin may interfere with the twist or
dynamics of the actin ﬁlament and still need higher resolution
for investigating how the actin track is inﬂuenced by myosin
binding. In a physiological context, actin ﬁlaments are dynamic,
exhibiting diﬀerent and variable curvatures, and this could be a
key component of how myosin lowers energy barriers between
the states of the powerstroke. The other dynamic components
of the ﬁlament such as the D-loop conformation and the Nterminal extension allow the exploration of conformations of F-

Figure 8. F-actin conformational ﬂexibility. (a) Depicted is an actin
subunit (represented in yellow ribbon) surrounded by four other
subunits (surfaces) within the actin ﬁlament. (b) Close-up view of the
interacting regions boxed in panel a. Left, closed conformation of the
actin D-loop and C-terminal tail typical for ADP-bound F-actin (PDB
ID 5ONV33). Right, open conformation of the actin D-loop and Cterminal tail that can be observed in ADP.BeFx-bound F-actin (PDB
ID 5OOF33) or in ADP, JASP-bound F-actin (PDB ID 5OOC33). (c)
Conformational diﬀerences between F-actin containing structures for
the N-terminal and C-terminal regions as well as the D-loop (PDB
IDs: 5ONV33 (ADP-bound F-actin); 5OOC33 (ADP, JASP-bound Factin, representing the open ATP-bound conformation of F-actin);
6C1H39 (Myo1b-bound F-actin); 5JLH36 (NM2c-bound F-actin);
3128894 (Myo5-bound F-actin); 6BNP95 (Myo6-bound F-actin)).

propose that subtler changes distinguish ATP- versus ADPbound F-actin states, which would diﬀer mainly in the closed
D-loop ﬂexibility, and not on the exploration of an open state
stabilized by intrastrand contacts.32
F-actin binding proteins such as myosins that bind the Dloop near the variable D-loop/C-terminal longitudinal contacts
are likely sensitive to the dynamic state of the ﬁlament. The
Merino et al.33 and Chou and Pollard32 studies both agree that
loss of Pi in the nucleotide binding site relayed by the sensorloop (Figure 8b) can increase the dynamics of the D-loop/Cterminal longitudinal contacts as well as the lateral contacts
made nearby with the hydrophobic plug. The dynamics within
and between the F-actin subunits controls the diﬀerent twisted
states explored by the ﬁlament that can be exploited for
selective binding of proteins such as coﬁlin.43 Thus, F-actin
dynamics is an important component at the heart of the
selective recognition between young and old ﬁlamentous actin.
More studies are required to fully understand how allosteric
sites control the dynamics in this region. Note also that
selection of ﬁlaments in class averages for Cryo-EM studies
reveal some snapshots of states explored by a ﬁlament at higher
resolution but these cannot provide direct access to the
transient states explored or the dynamics of the ﬁlaments.
N
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actin that are likely also to facilitate the formation and the
transitions of the actin−myosin complex.
3.4. Conserved and Variable Features of the Rigor
Interface among Diﬀerent Myosins

The recent Cryo-EM structures of Myo2, Myo1b, and Myo6
allow an overall comparison of the Rigor state of myosins from
diﬀerent classes. The current maps cannot fully describe the
interface in atomic detail, since the electron density for the side
chains of several residues is missing and the description of
hydrogen bonds and water mediated bonds would require
higher (<2.5 Å) resolution. Current limitations in resolution
may be linked to dynamic transitions among diﬀerent Rigor
states, as previously proposed.121 The footprint on the ﬁlament
found from Cryo-EM reconstructions of Myo2 and Myo1b can
be used to compare the interface at higher resolution than is
possible for Myo6.95 Interestingly, some common and diﬀerent
features among these Rigor structures are clearly revealed by
the current maps, as described below.
3.4.1. Conservation and Variability in the Footprint
of Myosin Binding on F-Actin. The footprint of the motor
in Rigor states corresponds to the actin residues involved in
interaction with myosin. In the three actin−myosin interfaces,
a large part of the binding energy seems to be provided by
apolar patches that occupy similar sites on the F-actin surface
in the center of the interface. Thus, in spite of diﬀerences in
sequence of their actin binding elements, NM2c, Myo1b, and
Myo6 have a similar surface topology of hydrophobic and
charged (or polar) patches that allows them to bind actin in a
similar way: the apolar or negatively charged surface of the
L50
HTH avoids the two negatively charged surfaces found in
subdomain-1 of both Actin-1 and Actin-2 and occupies a more
positively charged surface that corresponds to the C-ter/Dloop interface between these two subunits of the ﬁlament.
As shown in Figure 9, the footprint is quite similar for
Myo1b and NM2c. Most of the actin residues involved in
binding the HTH and HCM-loop at the center of the interface
are conserved in these high-aﬃnity actin−myosin interfaces
with diﬀerences in sequence for the turn of the HTH leading
to only local adaptations of the contacts with F-actin.
Diﬀerences in the peripheral sites of the footprint are due to
the large structural diﬀerences of more variable loops of the
MABS such as (i) Loop2 and the HW helix for which electron
density supports interaction for Myo2 with the ﬂexible Nterminal region of F-actin, but not for either Myo6 or Myo1b;
(ii) in contrast, Loop3 and Loop4 make more contacts in the
case of Myo1b than NM2c (Figure 9). However, the footprint
and overall orientation of these two motors on F-actin are
quite similar (Figure 10a,c). In the NM2c Rigor structure,
tropomyosin occupies a site adjacent to where Loop4 binds. In
fact, tropomyosin covers residues that are found to interact
with Loop4 of Myo1b (Figure 9). The presence of
tropomyosin can thus inﬂuence the aﬃnity of strong binding
states of diﬀerent myosins, and this explains the selectivity of
Myo1b for ﬁlaments deprived of tropomyosin.153,154
The footprint of Myo6 on actin, in contrast, diﬀers
signiﬁcantly from those of Myo1b and NM2c (Figure 9).
While the central core residues of the footprint that interact
with the L50HTH and U50HCM-loop are similar, the contacts
they make diﬀer in detail. It is noteworthy that the closure of
the internal cleft is similar for the three Rigor structures solved
to date at high resolution. In fact, no major diﬀerences are
found in the internal conformation these motors adopt upon

Figure 9. Comparison of three actin−myosin interfaces in strongly
bound states. Cryo-EM structures of Myo1b (Strong-ADP, PDB ID
6C1G, EMD733039), NM2c (Rigor, PDB ID 5JLH, EMD816436),
and Myo6 (Rigor, PDB ID 6BNP, EMD711695) are compared. The
labeling and color scheme are the same as those in Figure 7b,c: Loop4
in cyan; HCM-loop in red; Loop2 in yellow; helix-turn-helix (HTH)
in marine blue; activation loop in green; Loop3 in gray.

forming the strong binding interface (Figure 6a). The
diﬀerences in the footprint between these Rigor structures
are linked to diﬀerences in the positioning of these two motors
on F-actin, which is not determined by conserved interactions
at the center of the interface (Figure 10b,d,e). The overall
positioning of the motor seems to be, in fact, greatly inﬂuenced
by peripheral loops. Thus, several contacts involve U50Loop4
and L50Loop3 in the Myo6 Rigor density, while they are more
limited in the case of NM2c and Myo1b. The Activation-loop
is not involved in interaction with F-actin in the Myo6 rigor
interface, in contrast to what is found for NM2c and Myo1b. In
Myo6, the U50HCM-loop is larger and the tip of the loop seems
to explore some disorder, although some contacts may extend
the footprint on F-actin (Figure 9). The interface is thus the
sum of contacts that can occur by globally positioning the
motor such that core hydrophobic interactions (of similar but
not identical nature) can take place while other peripheral sites
modulate the global interaction. The distinct class-speciﬁc
diﬀerences in the exact nature of the interactions between the
motor and the actin ﬁlament indicate that interactions of the
motor with the track must result from global recognition of the
actin interface rather than a speciﬁc set of conserved contacts.
The actin binding surface of the motor is thus likely to play an
important role in tuning each motor’s activity as it interacts
with its track.
3.4.2. Overall Positioning of Myosin on F-Actin in the
Rigor Structures. The analysis of the NM2c, Myo1b, and
Myo6 rigor interfaces shows that the variability and
adaptability of the actin binding surface make it impossible
to predict how the diﬀerent loop components will inﬂuence the
precise orientation of the head and the interactions that can
O
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Figure 10. Overall positioning of the motor on F-actin in diﬀerent Rigor actin−myosin structures. In parts a and c, NM2c (Rigor, PDB ID 5JLH,
EMD816436) and Myo1b (Rigor, PDB ID 6C1H, EMD733139) are compared; in parts b and d, NM2c and Myo6 (Rigor, PDB ID 6BNP,
EMD711695) are compared. Panels a and b, view of the U50 module (HCM-loop, Loop4, and Loop2) bound to F-actin. Panels c and d, view of the
L50 module (HTH, Activation-loop, and Loop3) bound to F-actin. Note that the NM2c and Myo1b are bound to F-actin with a similar
orientation. In contrast, the orientation of Myo6 diﬀers by ∼15° from that of NM2c. The conserved actin binding elements are circled in magenta,
while the variable ones are circled in green. (e) Schematic and simpliﬁed diagrams of the NM2c and Myo6 actin binding elements, as well as their
anchoring from their relative subdomain. Note how these actin binding elements diﬀer both in length and in orientation. Note also the orientation
of the motor on the F-actin track that diﬀers by 15°.

occur upon F-actin binding in the Rigor state for diﬀerent
myosin motors. The two major components of this interface,
the L50HTH- and U50HCM-loops, ﬁnd similar sites on F-actin
but interact diﬀerently in detail. The use of the ﬂexibility at the
anchoring points of the HCM-loop and Loop4 allows them to
ﬁnd similar sites on the actin surface for diﬀerent myosins
without imposing in fact the same orientation for the whole
motor on the track (Figure 10b,d,e).
This allows diﬀerent contacts from Loop2, the Activationloop, and Loop3 to inﬂuence and modulate the interaction,
since their sequences greatly vary among rigor complexes.
Since prediction of Rigor structures is not possible, more
structures should be solved to complete this small set and
deﬁne how the strong binding states may vary among diﬀerent
myosin motors. The change in orientation of the head among
Rigor structures does not however impact greatly the lever arm

position: in all Rigor states, the Converter adopts a down
position that does not vary signiﬁcantly with the change in
overall orientation of the motor on actin. In fact, more than the
overall change in orientation described here and which impacts
the contacts made at the interface, the position of the lever arm
in Rigor is inﬂuenced by the contacts made with other
elements of the motor found in N-terminal extensions or the
N-terminal subdomain.39
Thus, a remarkable feature of these Rigor structures is the
fact that the motor domain itself conserves a similar
conformation at the end of the powerstroke, when no
nucleotide is bound. This suggests that the motor rearrangements (exact inner cleft closure in Rigor, changes in transducer
deﬁning the general position of the connectors in the motor)
are speciﬁed and constrained by the binding to F-actin. The
rate of the transitions between the states explored during the
P
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Figure 11. Conformational changes upon ADP release, last step of the powerstroke. Comparison between the Myo1b (Rigor, PDB ID 6C1H,
EMD7331) and Strong-ADP (PDB ID 6C1D, EMD7329) states39 superimposed on both the U50 and L50 subdomains. To diﬀerentiate the two
states, a color gradient is used in all panels and for all the elements, with the Strong-ADP state features displayed with lighter colors and the Rigor
state with darker colors. (a) Overview illustrating the diﬀerence in lever arm orientation between the two states. (b) View of the connectors driving
the lever arm orientation: SH1-helix (red) and Relay (yellow). (c) View of the actin binding interface (MABS): HCM-loop, red; Loop4, cyan; Strut,
pink; Loop2, yellow; HO-helix, purple; HTH, blue; Loop3, black; Activation-loop, green. (d) Active site: P-loop (purple for Strong-ADP, hot pink
for Rigor) and Switch-I (yellow for Strong-ADP and olive for Rigor). Tight coordination of MgADP by both the P-loop and Switch-I cannot occur
in Rigor. (e) Representation of the central β-sheet in the motor (which is part of the transducer) near the active site (P-loop, purple/hot pink). (f)
Overall view of the Myo1b connectors and the N-terminal extension (light pink/hot pink). Note the reorientation of the N-terminal subdomain
(yellow, Strong-ADP; light orange, Rigor). In the Rigor state, the N-terminal extension (hot pink) can dock between the motor domain and the
Converter, but this is not possible for the Strong-ADP state.

Higher-resolution studies39,94 have indicated that the actin
binding interface in the Strong-ADP state does not diﬀer from
the Rigor state in a signiﬁcant manner (Figure 11c), consistent
with lack of eﬀect in the kinetics of this last step of the
powerstroke dependent on mutations in loop2 or the HTH
surface.155,156 However, one cannot exclude at the current
resolution that the interfaces diﬀer for local conformations or
for the dynamics of the MABS. This question remains open
until atomic resolution (complete side chain interaction
description) will be provided. The release of Mg2+ followed
by ADP is controlled by the isomerization between StrongADP and Rigor.83,126,127 Cryo-EM studies at ∼7.6 Å
resolution,94 conﬁrmed, as did studies of two other motors
at higher resolution,39,95 that a movement of the P-loop
relative to Switch-I is the basis of this loss of ADP from the
active site83 (Figure 11d). This movement is linked to an
internal isomerization of the motor related to conformational
changes in the transducer39,94,95 (Figure 11e). Variations in the
loop1 sequence (Figure 3c), which belongs to the transducer,
have indeed been reported to tune ADP release for several
myosins.139,157,158 The transducer changes are ampliﬁed by a
large movement of the N-terminal subdomain (Figure 11f) and
are coupled with the SH1-helix and Relay movements that
guide the Converter position (Figure 11b,f).
The diﬀerences between Strong-ADP and Rigor can lead to
drastic changes at the interface between the Converter and the
rest of the motor domain linked to a diﬀerence in the lever arm

powerstroke can greatly vary among myosins, since it is
dependent on the interactions F-actin can make with these
diﬀerent states and thus the composition of the myosin surface
at the actin interface, as well as the strain developed within the
structural elements of the myosin motor domain.
3.5. The Last Step of the Powerstroke: ADP Release

ADP release while the myosin motor is strongly bound to Factin corresponds to the last step of the powerstroke. It is a key
transition to regulate the motor function, since, for several
unconventional myosins, it controls the duty ratio and thus the
amount of time the motor spends bound to F-actin along its
cycle. For high-duty-ratio motors, such as processive motors or
strain sensors, this is the slowest transition in the overall
cycle.3,13,14 In addition, load-sensitive motors can stay attached
to F-actin with MgADP bound for a long period of time even
when high reversal force is exerted on the motor. A slow ADP
release rate might not always translate into a high duty ratio,
since entry into the force-generating states could also be slow.
Such is the case for non-muscle myosin IIb.89
In the Rigor state, Mg2+ cannot bind strongly and thus ADP
release is facilitated in this state.62,83,94,126,127 The actin−
myosin state that precedes Rigor in the cycle is called the
Strong-ADP state and has a strong aﬃnity for both Mg2+ and
ADP. As ﬁrst visualized with Cryo-EM78,93 and also detected in
optical trap studies,81 the transition between Strong-ADP and
Rigor is accompanied by a lever arm movement (Figure 11a,b).
Q
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Figure 12. Distribution of the myosin binding sites on F-actin. (a) Top, F-actin surface colored by electrostatic potential distribution (red −5; blue
5 KbT/ec). Bottom, Myosin binding sites (dark gray) are mapped on the actin ﬁlament (light gray). (b) NM2c in the Pre-powerstroke
conformation (PDB ID 5I4E66). Left, the actin binding elements are colored as in Figure 7. Right, the NM2c surface is colored according to the
electrostatic potential distribution (red −5; blue 5 KbT/ec). (c) Schematic drawing of two-headed Myosin V walking along F-actin. The length and
ﬂexibility of the lever arm and head/head junction permit lead head diﬀusion to the most favorable actin binding sites on the track.

4. FORCE GENERATION AND TRANSITIONS DURING
THE POWERSTROKE

position. In Myo1b, this leads to the ability for the N-terminal
extension to stabilize the Rigor conformation, in which it can
dock (Figure 11f, hot pink), whereas this N-terminal extension
is ﬂexible and undocked in the Strong-ADP state (Figure 11f,
light pink). Another way for the N-terminal extension to
stabilize the Rigor state has been visualized for PfMyoA
myosin. In this case, phosphorylation of a serine in the Nterminal extension stabilizes the Rigor state by interaction with
a lysine of the Converter. In this myosin, a phosphorylation
event changes the duty ratio and may thus allow the motor to
be tuned for diﬀerent cellular roles depending on the stage of
the parasite.46
For the ADP release step of the powerstroke, sequence
diﬀerences among myosins located in the actin binding
interface are thus unlikely to be as important as those in the
motor itself, in particular those found in the transducer. In
addition, the Myo1b and PfMyoA demonstrate that N-terminal
extensions are key elements to tune this transition. This is an
essential step for myosins to modulate under load so that they
can be optimized for processive movements, for fast sliding of
ﬁlaments, or for force-sensitive anchoring.3,13,14,159

4.1. How Myosin Finds Its Docking Site on F-Actin and
Engages in Force-Producing States on the Track

F-actin is a periodic negatively charged ﬁlament (Figure 12a).
The rigor footprint described earlier contains a hydrophobic,
poorly charged region (D-loop/C-ter surface) adjacent to a
negatively charged region (centered on Actin-1 subdomain-1)
(Figure 9). On the myosin side (Figure 12b), several actin
binding loops are positively charged. Earlier studies with Myo2
have shown that the initial complex largely involves charge−
charge interactions, followed by two large conformational
changes guided by the formation of stereospeciﬁc hydrophobic
interactions, and sensed simultaneously by ﬂuorescent probes
on F-actin and myosin.91,92 The ﬁrst stereospeciﬁc actin−
myosin complex is followed by formation of a stronger binding
complex in which the interface formed is similar to that of the
Rigor state. Early work is consistent with this transition
involving cleft closure, as of the isomerization rate is pressuresensitive, suggesting that a signiﬁcant conformational change of
the actin−myosin subfragment-1 complex148 occurs that
R
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Figure 13. Diﬀerent models of cleft closure during the powerstroke. (a) Schematic representation of the model proposed by Behrmann and coworkers.121 Docking of the L50 subdomain of the Pre-powerstroke to F-actin was proposed to occur to create some of the rigor interface. The full
rigor interface was then proposed to form via cleft closure (by a 16° rotation of the U50 subdomain), creating a state in which strain would build in
the transducer and the N-term subdomain. Relaxation after release of Pi was proposed to swing the lever arm by rotation of the N-term subdomain
and untwisting of the transducer. Preller and Holmes proposed a similar model170, although in this case a 16° rotation of the L50 subdomain was
proposed to induce the formation of a hypothetical state (the Start-of-Power Stroke) with a fully closed cleft and a lever arm primed. (b) An
intermediate must occur to allow Pi release prior to full cleft closure, as demonstrated by functional experiments.60 Historically, two alternative
possible paths were proposed for Pi release: the back door and the side door mechanisms.60

always trigger entry of the myosin into force productive states,

involves displacement of a large amount of water from the
interface and/or the internal myosin cleft.58 EM studies with
regulated thin ﬁlaments160,161 indicated that some of the
contact sites of Actin-1 subdomain-3 are covered by
tropomyosin in the absence of myosin but are involved with
myosin in the strong rigor interface. This indicates that, for
Myo2, the initial complex likely involves mainly Actin-1
subdomain-1 and/or the D-loop/Cter intersubunit surface.
Electrostatic interactions greatly inﬂuence the ﬁrst stereospeciﬁc binding of myosin to actin.155,156,162,163 Myosin may
explore the actin surface guided by electrostatic steering,
avoiding repulsive interactions. These encounters may not all

instead allowing diﬀusion along the track without consumption
of ATP.164 For processive motors such as Myo5, which has a
stroke size of 25 nm (Figure 12c), the periodicity of the
ﬁlament guides the step size between the rear and the lead
head: the attachment of the motor by the rear head allows the
lead head to explore, using Brownian motion, a number of
actin binding sites favoring reattachment at 36 nm,
corresponding to the helical periodicity of the ﬁlament.165
S
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4.2. How F-Actin Directs Force Generation by Myosin
during the Powerstroke

early events of the powerstroke. Two possible paths for Pi
release had been proposed to open the active site: either by
moving Switch-II (back door90,171) or by creating a gap
between the P-loop and Switch-I upon transducer rearrangements that would create an intermediate state along the
movement of the transducer required to close the inner cleft
(side door124) (Figure 13b).
4.2.2. Current Evidence for the Mechanism of Pi
Release by Myosin Motors. A crystal structure of Myo660
provided new insights into the states the motor can explore
and drastically changed the concepts of how the three allosteric
sites communicate. In this structure, a new actin interface is
formed that diﬀers from both the weak (PPS) and strong
(Strong-ADP, Rigor) binding interfaces (Figure 14a). In this
new Myo6 structure, a large Switch-II movement opens a
tunnel in the inner cleft (back door) (Figure 14b). Experiments where these crystals were soaked in phosphate buﬀers
revealed that Pi can bind stably at the mouth of the tunnel or
can move back to the nucleotide binding pocket, where it can
induce the reverse isomerization and recreate the Prepowerstroke state.60 Functional studies with mutations in the
tunnel also established that the mechanism for Pi release in
early states of the powerstroke would correspond to the
engagement of the Pi in this tunnel and its liganding in a
diﬀerent site at the end of the tunnel nearer the surface of the
molecule60 (Figures 14b and 15).
We have thus proposed that this novel structural state seen
at high resolution for Myo660 corresponds in fact to the state
that binds stereospeciﬁcally to actin to initiate force generation
and the powerstroke. The structure describes the mechanism
that allows actin to activate the release of Pi from the myosin
active site. The formation of a new actin interface would
destabilize the Pre-powerstroke state in which the Pi is trapped
by involving a large Switch-II movement that opens a back
door,60 as previously hypothesized.90 This state was thus
referred to as the Phosphate Release state (PiR state).
The PiR structure demonstrated that previously proposed
mechanisms for the powerstroke121,170 were too simplistic,
since they had been based on assuming that movements of
Switch-II would be directly coupled with a large lever arm
swing.121,170,172 The PiR structure indicated in fact that only a
small movement of the lever arm would occur upon the large
Switch-II movement required to open the Pi release tunnel
(Figures 14b and 15a) and that this occurred while a diﬀerent
actin binding interface was created (Figure 14a). Functional
studies conﬁrmed that introduction of a bulky residue in the
outer cleft (OCR) (Figure 3a,b) did not impair the rate of Pi
release, conﬁrming that full closure of the cleft is not required
for this step.60 In fact, Pi departure from the site where it is
generated in the active site is likely required for complete cleft
closure (Figure 15b). The transition in which cleft closure fully
occurs is thought to be sensed by pyrene−actin quenching and
coupled to some component of the lever arm swing60 (Figure
16). Thus, opening of the tunnel and departure of Pi from the
active site acts as a gating event, ensuring commitment of the
motor to the track but preventing lever arm swing until the Pi
has reached the surface site at the end of the tunnel.60
4.2.3. Plasticity of the Myosin Actin Binding Interface
Is Key for Driving the Powerstroke. Based on the studies
that elucidated the structural changes required for Pi release,60
it became clear that several actin−myosin interfaces can occur.
Exploration of several conformations of the actin binding loops
via their dynamic and diﬀerent states of the inner cleft can

Functional studies have accumulated evidence for the role of
dynamics within the actin−myosin complex for more than 30
years. These transitions are directly linked to the interplay in
the motor between events at the three allosteric sensing sites
that control release of hydrolysis products depending on events
triggered by F-actin and that are also connected for some of
the transitions to a lever arm movement. Kinetic studies for
distinct myosins have detected similar transitions, although at
diﬀerent rates.6,13,14 It is possible, however, that there are
critical events that have not been measured distinctly by the
current kinetic studies.
For force generation to occur in a productive way, formation
of the actin−myosin complex must be rectiﬁed (engaged in a
strong binding state from which dissociation is faster if force is
applied in one direction compared to the opposite one), prior
to the loss of Pi or the swing of the lever arm. A strong binding
interface must form early in the powerstroke in order to
prevent detachment from F-actin. In addition, functional
studies166−168 have shown that load (opposing force) is
required for the motor to be sensitive to Pi. Since Pi rebinding
requires the reversal of load-sensitive steps), the lever arm
swing must be coupled with the closure of Pi access to the
active site. Recent optical trap studies have also shown that
early states of the actin−myosin complex that detach at fast or
intermediate rates are the only ones sensitive to 10 mM Pi.169
Thus, the early events of the powerstroke must allow the
motor to be engaged in a force-bearing attachment to F-actin
that allows Pi release, followed by conformational changes that
drive the major component of the lever arm swing and prevent
Pi re-entry. Below, we review the structural and functional data
that have provided insights in the force development
transitions of the motor cycle.
4.2.1. Early Concepts and a Simple Model for the
Powerstroke Events on F-Actin. The kinetic transitions
detected for the powerstroke were ﬁrst interpreted with simple
hypothetical structural models121,170 (Figure 13a) based on (i)
what was known then about weak and strong actin binding
states (Figure 4c) and (ii) the assumption that increase in
aﬃnity for the complex would be based on forming some of
the contacts of the ﬁnal rigor complex, while motor
conformational changes would allow the progressive formation
of more individual contacts, keeping those formed earlier to
avoid detachment of the motor. These earlier models proposed
that the formation of the rigor interface by full closure of the
inner cleft would precede the lever arm swing, causing the
formation of internal strain in the motor that would be released
upon lever arm movement170 (Figure 13a). Docking of the
Pre-powerstroke state via the formation of some of the
contacts found in Rigor (L50 subdomain121 or U50
subdomain170) was proposed to induce formation of a
hypothetical strained state (Start-of-Power Stroke) prior to
Pi release, with a fully formed rigor interface (inner cleft
closed) and that would have kept the lever arm primed121,170
(Figure 13a). This model was disproven however by
subsequent studies introducing bulky residues in the outer
cleft.60
In addition, a major conceptual diﬃculty unresolved at the
time was to explain the mechanism that would allow the
release of Pi while keeping the MgADP ﬁrmly coordinated in
the active site. It became clear at that time that understanding
this key event (Pi release) was a central issue to account for the
T
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interaction with the track (including possible inﬂuence from
peripheral actin binding loops) would guide the interactions
made by each of the sequential powerstroke states with the
track, rather than a very strict and conserved set of interactions
that all myosins would have conserved to promote these
transitions. It is thus likely that the exact contacts made to
stabilize the PiR state attachment to the F-actin track are not
all conserved with those that have been described for the
strong binding states of a particular myosin.
For the ﬁrst transition that allows the stabilization of the PiR
state, functional studies of mutants have revealed features that
are conserved among myosins that favor this transition.60 Such
studies have revealed the importance of the positively charged
residues of Loop2155,156,162 and the Activation-loop60,163 as
well as the charge and hydrophobic residues of the L50HTH
turn156,173 to form and stabilize the ﬁrst stereospeciﬁc binding
interface. In contrast, the U50HCM-loop may not play a major
role in this ﬁrst transition, while it would be critical to drive
formation of the stronger binding states in which the inner
cleft is closed.36,60,173 It is interesting to note that the
Activation-loop plays a major role in Myo6 for the transition
toward the PiR state,60 while it is not part of the rigor
interface.95 This illustrates the point that all contacts created
early are not kept along the transitions of the powerstroke. We
are currently lacking a visualization of the actin−myosin
complex in these early states of the powerstroke, which would
precisely describe the interactions that engage the motor in
force-producing states.
4.3. Force Production Is a Multistep Event Triggered by
Actin Binding

Recent functional studies and the structures available to date
allow us to propose a model of force generation that can
account for the published ﬁndings. The challenge for the
structural data has been to properly associate the structures
with their place in the functional cycle. The proposed PiR
structure is possibly the most debated, because of seeming
discrepancies with functional studies,61 some interpreted as
indicating P i release occurs prior to the lever arm
swing60,174−176 and others interpreted as indicating that Pi
release can only occur after the lever arm swing.167,169,177−180
However, as we outline below, we think that all of the current
multidisciplinary data are in agreement and can be
accommodated in one unifying model for force generation
(Figure 16). An important piece of evidence supporting the
model comes from a surprising source, namely, from the
development of a drug that enhances force generation in the
heart, omecamtiv mecarbil (OM).21,22
Force generation is initiated when myosin binds to actin
with a stereospeciﬁc interaction. Prior to this, the myosin
motor domain can interact weakly and non-stereospeciﬁcally
with actin in the Pre-powerstroke state via electrostatic
interactions provided by the ﬂexible surface loops of myosin.
The loops themselves are variable among myosin classes, and
this may allow selectivity for the actin track153,154 as well as
optimization of electrostatic steering that is required to
position the myosin head for rapid formation of a stereospeciﬁc interaction with actin. Note that the presentation of
the myosin head to an actin ﬁlament will vary depending upon
constraints imposed either by a myosin ﬁlament (class II
myosins) or by the myosin lever arm which, in conjunction
with the structure of the actin ﬁlament, speciﬁes the optimal
reachable actin binding sites96−99,102 (Figure 12c).

Figure 14. Pi release state, cleft closure, and powerstroke. (a) Myo6
actin binding surface changes during the powerstroke, as mapped with
four Myo6 structures: Pre-powerstroke (PDB ID 2V26111), PiR (PDB
ID 4PFO60), Strong-ADP (PDB ID 6BNQ95), and Rigor (PDB ID
6BNP95). The representation and color scheme are the same as those
of Figure 7c. Top, the diﬀerence in cleft closure between these states
is shown by superimposing the L50 subdomains. Below, the diﬀerent
states are represented as they are populated along the powerstroke.
The Myo6 surfaces are shown colored by electrostatic potential
distribution (red −5; blue 5 KbT/ec). (b) Upper part, Myo6 in Prepowerstroke state (PDB ID 2V26111). (Right) The close-up view of
the nucleotide binding site. Switch-I and Switch-II are stabilized by a
salt bridge between an arginine (Switch-I) and glutamate (Switch-II)
residues that are conserved in all myosins, locking the myosin “back
door”. Lower part, Myo6 in the PiR state (PDB IDs 4PJN60 and
4PJM60). Switch-II is displaced compared to the Pre-powerstroke
state, opening the phosphate release tunnel at the back door. Two
phosphate sites (red balls) can be occupied, as observed in the crystal
structures upon soaking experiments.

favor transitions to produce stronger binding interfaces with
the track coupled to the powerstroke. Our current vision of
how the interface adapts to keep the motor engaged and
progressively favors rearrangements in the motor permitting
the release of Pi from the active site and the lever arm swing is
based on the plasticity of the actin−myosin interface described
earlier in the comparison of diﬀerent rigor complexes (see
section 3.4).
Since the rigor interfaces of diﬀerent myosins can diﬀer in
the detailed contacts they form and in the overall orientation of
the head to the F-actin track, we propose a model in which
exploration of actin by the myosin surface available for
U
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Figure 15. Tunnel for Pi release state. (a) Myo6 is shown in the PPS (left, PDB 2V26111), PiR (center, PDB 4PJN60 and 4PJM60), and Strong-ADP
(PDB 6C1D39) states in surface representation. The front part of the molecule is cut to illustrate the Pi tunnel connecting the active site with the
protein surface. A tunnel for Pi release is open in the PiR, while the active site is closed in the other two structural states. In the PiR state, the yellow
circles correspond to the location of mutant side chains along the back door that have an eﬀect on the rate of Pi release,60 while the red circles
correspond to the side chain of the side door E152A mutation, which does not change the Pi release rate, although it slows down the following rate
monitored by pyrene-quenching.60 (b) The changes of the nucleotide binding elements required for the backdoor mechanism are shown based on
these Myo6 structures. (c) The side door mechanism requires an intermediate in which movements of the nucleotide binding elements are
achieved by a relative movement between P-loop and Switch-I linked to transducer rearrangements. This pathway is unlikely, as the presence of Pi
would greatly increase the energy barrier required for the transducer transition required to separate Switch-I and P-loop.

active site and translocation to the end of the tunnel.
Departure of Pi from the active site is required to lower the
energy barrier for the transition to the myosin states of
increased actin aﬃnity, since these states are not compatible
with Pi being bound within the inner cleft at the distal end of
the tunnel (near ADP). (In essence, phosphate “wedges” the
cleft open.)
Following this initial, stereospeciﬁc binding to actin and
departure of Pi from its proximal site, a rapid rearrangement of
the myosin interface is achieved by closing of the large internal
cleft in the motor domain, which is coupled to a swing of the
myosin lever arm (ii, Figure 16). This provides both gating and
rectiﬁcation of the actin−myosin interaction. It provides gating
by the cleft closure preventing the return of Pi to the
nucleotide binding pocket (disruption of the Pi release tunnel).
Thus, Pi is released into solution once the rapid closure of the
cleft and lever arm swing occurs. This point was not fully
appreciated until probes on the lever arm177,178 revealed that

From the Pre-powerstroke state, the actin track can induce a
transition from a weak binding to stereospeciﬁcally engaged
interactions with the track (i, in Figure 16). In particular, the
L50
Activation-loop (Figure 3) appears to be important in
positioning the L50 subdomain of myosin on actin60,163 to
induce the transition to the PiR state, which involves a
translocation of the L50 subdomain (relative to the U50
subdomain) coupled to a rearrangement of Switch-II (Figure
16). These actin binding induced changes create a tunnel that
opens an escape route for Pi to move from the nucleotide
binding pocket into the second site at the mouth of the tunnel
nearer the solvent (Figure 14b). Thus, the transition to the PiR
state involving a conformational change in the motor can be
sensed prior to the release of Pi into solution, since Pi may be
transiently retained by coordination at this second site. Force is
initiated by this isomerization that provides stereospeciﬁc actin
binding. Force is further developed by the motor in the next
transition (ii, in Figure 16) that requires Pi departure from the
V
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Figure 16. Force-generating cycle. Schematic representation of the unifying multistep force-generating cycle proposed on the basis of recent
multidisciplinary results. According to this model, electrostatic interactions between charged actin binding loops (in particular Loop2 and HCMloop) form non-stereospeciﬁc association of the myosin Pre-powerstroke (PPS) state and F-actin. This ﬁrst association by elements from both the
U50 and L50 subdomains induces a ﬁrst conformational change in myosin that changes the closure of the cleft in the outer cleft region (OCR) and
opens the cleft in the inner cleft region (ICR), which creates an escape route (tunnel) for the Pi at the active site. The PiR state, thus formed, is
stabilized on F-actin, since it diﬀers from the PPS state by a new actin binding surface that can dock stereospeciﬁcally, creating bonds with F-actin
via the L50HTH and the Activation-loop. In the PiR state, the Pi release channel opens via opening of Switch-II, allowing Pi to escape from the active
site. Release of the ion into the solvent might however be slowed, since it can occupy another site at the end of the Pi release tunnel.60 The
departure of the Pi from its position (next to ADP) in the active site lowers the energy barrier required to fully close the inner cleft. Stronger
interactions with F-actin on either side of the cleft stabilize a new conformation of the motor (with a more fully closed cleft) in which we
hypothesize that the HTH is only slightly repositioned while the HCM-loop can now dock on subdomain-3 of Actin-1. The creation of this higheraﬃnity state for F-actin is accompanied by the major lever arm swing and closure of the Pi channel (likely by a Switch-II conformational change)
that prevents Pi rebinding for unloaded motors. It is not known if the major lever arm swing and cleft closure occur in one step (directly forming
the Strong-ADP visualized by Cryo-EM studies) or if other ADP states (possibly diﬀering in actin binding, switch-II position, or lever arm position)
are populated during the powerstroke. The last step of the powerstroke leads to the Rigor state upon isomerization of the motor while strongly
bound to F-actin. This isomerization is characterized by the untwisting of the transducer and the rotation of the N-term subdomain relative to the
U50 subdomain (thus the actin interface). This leads to an additional lever arm reorientation (see Figure 11). ADP release is facilitated in this
(ADP weakly bound/Rigor) state, since Mg2+ can no longer mediate interactions between the U50Switch-I and N‑termP-loop.83 ATP binding in the
Rigor state leads to the formation of the Post-Rigor state and actin detachment.83,184 The recovery stroke allows the reformation of the state in
which the lever arm is primed86 and closure of the back door allows eﬃcient ATP hydrolysis, trapping the motor in the Pre-powerstroke state. A
W
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Figure 16. continued
new powerstroke is then initiated upon the association with F-actin. According to this model, the powerstroke is a multistep event representing
transitions between several states once the motor is stereospeciﬁcally associated with the actin track. The experiments/concepts supporting this
model (the chronology of the events and the features of the actin-bound states) are indicated in purple boxes.

motors with a primed lever arm.22 Binding of the drug thus
results in blockage or slowing of the lever arm swing, as
revealed by probes that sense lever arm movement,185 as well
as by measurements of lever arm swing in an optical trap.186
However, OM accelerates Pi release from myosin, thus
demonstrating that the PiR state must form prior to lever
arm swing (Figure 16).
What we have no insight into is what are the interactions
that form between actin and myosin that lead to the rapid cleft
closure. As with the formation of the PiR state, this must be
driven by interactions between actin and the myosin surface
loops that can reposition themselves to contribute to a
changing actin interface. It is likely that some actin−myosin
interactions found in the PiR state are maintained (especially
hydrophobic interactions with the L50 subdomain, after
possibly small local adaptations), while others may be lost
(potentially those of the Activation-loop). We hypothesize that
the exact interactions of the loops with actin change as the cleft
closes and also will be diﬀerent for diﬀerent classes of myosin.
We do not know if the major swing of the lever arm coupled
to cleft closure occurs in one continuous transition or is
partitioned into multiple transitions that lever arm probes have
not revealed. We do know that a probe near the C-terminus of
actin (pyrene label on Cys374) senses some changes induced
on the track by myosin upon the formation of the Strong
MgADP binding state. What we do not know is what part of
the ﬁnal cleft closure occurs during this transition and how
much of the lever arm swing is coupled to it. For many
processive myosins (e.g., Myo5 and Myo6), the strong
MgADP binding state is the predominant steady-state
intermediate in the overall actin−myosin ATPase cycle.
The transition that follows the formation of the Strong
MgADP state to release Mg2+ and ADP and create the rigor
interface has been visualized by EM but not at suﬃcient
resolution to discern diﬀerences that may occur in the actin
interface and in the internal cleft. The aﬃnity of the vast
majority of myosins for actin in Rigor is higher than when
MgADP is bound to myosin, although this diﬀerence is not as
pronounced for some myosins. In fact, a notable exception is
non-muscle myosin 2 isoforms for which the aﬃnity for F-actin
is greater when MgADP is bound. What we do not know is
what rearrangements of the actin interface and surface loop
positions must occur to allow this transition. Little is known
also about how the internal sequences of the motor modulate
this transition and how speciﬁc sequences (such as in Nterminal extensions39,46,159 or the lever arm composition39,46,68) contribute to regulate this transition. Further
investigations are required to reach a new understanding on
force sensitivity and ability of motors to anchor and work
under load.
The fact that release of MgADP requires a swing of the lever
arm makes the rate of ADP release load-sensitive. In muscle,
the slowing of ADP release results in a slowing of ATPase
activity under load, which was recognized in 1923 and termed
the Fenn eﬀect.187,188 More recently, it has been noted that
myosins that have large lever arm swings associated with ADP
release are particularly load-sensitive and can be adapted to

the swing occurs at a rate that was greater than the rate at
which Pi appears in solution. This initially led to the proposal
that the lever arm swing must occur to allow the release of
Pi,177,178 rather than Pi leaving the active site must occur to
allow cleft closure and swing of the lever arm.61
A number of studies have shown that increasing the Pi
concentration in muscle ﬁbers leads to a drop in force by
decreasing the number of force-generating crossbridges.166,174,175,181−183 Experiments with step changes in
[Pi] (caged phosphate) were interpreted as demonstrating that
Pi transient would be a two-step process requiring the reversal
of the powerstroke; thus, the model proposed was that force
production precedes the release of phosphate.179 However, a
later study calls into question this interpretation of the
data.174,176 Thus, this data is in agreement with the model we
proposed:60,61 the formation of the PiR state is the initiation of
the generation of force, which is then followed by Pi release
and the powerstroke. In fact, both in muscle and in single
molecule experiments,167,168,180 phosphate only drops the
force under conditions in which the lever arm swing is
prevented. This implies that either Pi exit and entry into the
myosin motor can only occur prior to the large component of
the lever arm swing60 or that strain can suﬃciently alter the
Strong-ADP bound heads to facilitate Pi re-entry in this state
and reverse the powerstroke leading to detachment. However,
the ATP consumption of cross-bridges under load at high
concentrations of Pi argues against the second scenario.181 The
increase in Pi concentration favors re-entry of Pi in the early
states of the powerstroke (PiR state) which leads to
detachment of an ADP.Pi-bound head, consistent with low
ATP consumption.
While studies have been interpreted as evidence for Pi
release following the lever arm swing,167,169,179,180 we noted
above (see section 4.2) that recent optical trap experiments
support169 an open phosphate tunnel prior to the completion
of the lever arm swing. A 1−3 pN load indeed increases the
percentage of myosin heads that are detaching prior to the
lever arm swing (so-called Af and Aint in ref 169, which are
presumably respectively in either a PPS or PiR state of lower
aﬃnity than in the Strong-ADP state populated after a
signiﬁcant component of the lever arm swing). The 2-fold
slower detachment of the myosin heads that have completed
the lever arm swing (ks) indicates that these heads cannot be
directly sensitive to 10 mM Pi under these loaded conditions.
What these experiments also indicate is that a 1−3 pN load is
suﬃcient to greatly increase the detachment of heads in the
early states of the powerstroke, i.e., in the PiR state. This
further supports that the actin binding interface in the early
powerstroke states diﬀers from and is weaker than that found
in the Strong-ADP and Rigor states, although it is higher in
actin aﬃnity as compared to PPS.
Additional evidence that the state allowing release of Pi
forms before the major component of the lever arm swing
coupled to cleft closure came from the study of the cardiac
myosin force-enhancing drug, omecamtiv mecarbil (OM). OM
is able to stabilize both the Pre-powerstroke state and the PiR
state on actin.21,22 It binds in a pocket that exists only in
X
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strain sensing as their primary role.39,67,68,159,189 In addition,
strain sensing is deﬁned for myosins by their ability to reverse
the transitions of the powerstroke from the Strong-ADP back
to the PiR state when they work under load168a high-energy
barrier for this transition deﬁnes good anchoring myosins.67,68

Myo5 molecule walking on an actin track.193,194 High-speed
AFM studies also visualized changes in lever arm position but
in real time.195,196 In this case, the elements that are notably
distorted by the strain are the lever arm and the position of the
Converter, which likely are, with the transducer, a major source
of compliance within the myosin motor itself. Kinetic studies
on these same dimeric Myo5 molecules reveal that the
compliance is suﬃcient to allow the lead head on actin to
release Pi and close its internal cleft (but not release ADP),
indicating that the major component of the lever arm swing
occurs but cannot be completed.197 This ensures that the lead
head is strongly attached before the rear head detaches, thus
optimizing processive movement on actin. Development of
techniques to control load-dependent kinetics at the singlemolecule level, such as harmonic force spectroscopy, provides
a means to directly measure the eﬀect of mutations or drug
binding to myosin heads198 in their load-sensitive steps.
Studies of point mutations responsible for human diseases with
structural and functional approaches will bring new insights
into the force generation mechanism and its load dependence
as well as much needed knowledge toward therapies for heart
diseases. New strategies to further restrict lever arm movements may reveal additional complexities when coupled with
higher-resolution Cryo-EM studies and perhaps someday even
X-ray crystallography.

5. PERSPECTIVES: FUTURE STUDIES TO ADDRESS
UNANSWERED QUESTIONS
The actin binding states that we described above have been
detected by a combination of transient kinetic experiments and
structural studies (both Cryo-EM and X-ray crystallography).
Detection by kinetic experiments requires the existence of
probes that do not alter the reactions but can sense transitions.
This largely relies on detecting the release of the ATP
hydrolysis products from myosin, as well as the one probe that
senses changes in F-actin in response to some aspect of cleft
closure in myosin (pyrene−actin quenching141,148). More
recently, FRET probes have been introduced and allow the
possibility of sensing additional transitions in the cycle. The
position of the probes can be engineered into the myosins
based on structural data related to the subdomains that are
most likely to rearrange during transitions. Another important
technical advance to augment the use of these probes is the
development of high-time-resolution FRET,177,178 which
allows changes in FRET to be resolved at rates that can
sense rapid transitions in the cycle. Indeed, such data are the
basis of assigning a state that undergoes a rapid lever arm swing
(likely coupled to cleft closure) immediately following
formation of the PiR state (Figure 16). This critical structural
transition serves to drive the cycle forward unidirectionally
(i.e., gating of the reaction) by ensuring that Pi will be released
into solution and not re-enter the Pi tunnel (which must be
disrupted during the transition).
Ultimately, though, a detailed structural understanding of
the subdomain rearrangements and actin binding loop
rearrangements during state transitions of the cycle on actin
can only come from high-resolution structural studies. For EM,
this will require ever-increasing resolution, coupled with
strategies to trap the myosins in various states of the cycle.
For X-ray studies, this will require small fragments of F-actin
that can be cocrystallized with myosin trapped in distinct states
of the cycle. It is likely that the general scheme of internal
conformational changes within the motor domain throughout
the cycle is relatively conserved among myosin classes.
Whether essential elements in the actin binding loops are
conserved to produce the powerstroke cannot be predicted.
However, the variability of these loops suggests that they may
give rise to diﬀerent actin interactions for diﬀerent myosin
classes that both position the motor somewhat diﬀerently on
actin as well as diﬀerentially tune the kinetic transitions.
All of the above discussions involve structures and kinetic
transitions that take place in the absence of any load on the
myosin. And yet we know ﬁrst from studies with muscle
ﬁbers,174,175,182,183 and with single myosin molecules of
multiple classes,67,168,186,190,191 that load has a profound eﬀect
on a subset of the kinetic transitions and that stretching of
activated muscle causes detachment of cross-bridges that
appears to be preceded by reversal of the powerstroke
transitions.192 Applying load to the force-generating myosin
heads will manifest in distortions of compliant regions of the
motor itself. EM reconstructions have allowed the direct
visualization (at low resolution) of the strain imposed by one
myosin head on the other in the case of a single two-headed
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Schrö der, G. F.; Galkin, V. E. Ca2+-Induced Movement of
Tropomyosin on Native Cardiac Thin Filaments Revealed by
Cryoelectron Microscopy. Proc. Natl. Acad. Sci. U. S. A. 2017, 114,
6782−6787.
(162) Joel, P. B.; Trybus, K. M.; Sweeney, H. L. Two Conserved
Lysines at the 50/20-KDa Junction of Myosin Are Necessary for
Triggering Actin Activation. J. Biol. Chem. 2001, 276, 2998−3003.
(163) Várkuti, B. H.; Yang, Z.; Kintses, B.; Erdélyi, P.; Bárdos-Nagy,
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