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Abstract

Myosins are a superfamily of ATP-driven actin-dependent
molecular motors that are responsible for diverse functions
from muscle contraction to cell division. The resolution revo-
lution in cryo-EM has enabled characterisation of the interac-
tion of myosin with its actin track in several states of the myosin
motor cycle, for multiple myosin classes, allowing increased
insight into the force generation mechanism. A major
advancement in our understanding of myosin-2 regulation has
come through solving structures of its shutdown state, dysre-
gulation of which is implicated in multiple diseases. This review
will discuss what has been accomplished so far with cryoEM,
what is still yet to do, but within reach, and how better under-
standing of myosin structure—function relationships may lead
to future therapeutic interventions.
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Introduction

Myosins are a superfamily of motor proteins, comprised of
at least 79 classes [1], which are responsible for move-
ment and force generation on or along filamentous actin
(F-actin) tracks fuelled by ATP hydrolysis. Myosins are
comprised of a motor domain, largely conserved across all
myosin classes, containing the binding sites for ATP and

actin, followed by a light-chain binding domain and a tail
region (Figure 1a). The motor is comprised of four sub-
domains, the N-terminal domain, the upper and lower
50 kDa domains (U50 and L350, respectively), and the
converter domain [2]. Each of the domains are connected
by loops or struts, enabling conformational flexibility in
their relative positioning, which facilitates function. The
converter domain and light-chain binding domain (ILCD)
form the lever, responsible for transmitting force, and the
LCD and motor comprise the myosin head. A varied
number of calmodulins or light chains (I.Cs) bind to the
LCD. The tail region is the most varied in structure, in
myosin-2, -5 and -18 containing a coiled-coil forming
region that allows formation of double-headed myosin
molecules, and in non-muscle myosins often contains a
targeting or cargo-binding domain.

Class-2 myosins are generally responsible for muscle
contraction whilst other myosins act as tethers and
transporters, aiding in a broad range of functions
including signal transduction, intracellular transport and
cell division [3]. Whilst diverse in function, the mech-
anism by which myosins use the energy produced by the
hydrolysis of ATP to generate force on F-actin is basi-
cally conserved (Figure 1b). Myosin is strongly-bound to
F-actin in its nucleotide-free rigor state. ATP binding
forces open the actin-binding cleft, weakening binding
of myosin to F-actin and causing detachment. Myosin
then undergoes conformational changes, during which
myosin becomes primed to bind F-actin again, through a
movement of the lever from a ‘down’ to an ‘up’ position,
termed the recovery stroke, which is followed by ATP
hydrolysis. Myosin in its ADP.Pi bound state is then able
to rebind F-actin, initially weakly and then strongly,
which enables phosphate release, closure of the actin-
binding cleft and generation of force through swinging
of the lever, termed the powerstroke [4]. Whether
phosphate release precedes or follows the powerstroke is
debated [5,6]. After this, further allosteric changes
occur, coupled to ADP release, which enable myosins to
adapt their power outputs in response to mechanical
load [7]. Thus, different rates of transition between
steps in the force generation cycle allow different
myosin motors to be kinetically tuned for varied func-
tion. In muscle myosins, polymerisation of the tails into
filaments allows for function. Muscle myosin motors
spend little time attached to the actin filament as part of
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Figure 1
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Myosin structure, the force generation cycle and strong actomyosin interface. (a) Schematic of myosin structure, consisting of a motor domain, light-chain
binding domain (LCD) and tail region. The motor domain is highly conserved between myosin classes and is comprised of four sub-domains, N-terminal
domain, upper (U50) and lower (L50) 50 kDa domains, and the converter, which are connected by loops and struts enabling dynamic movement. The
LCD contains a varied number of binding sites for calmodulins or light chains (LC), depending on myosin class. The tail is highly variable and tuned for
function. (b) Simplified schematic of the force generation cycle, highlighting myosins for which we have high resolution (3—4 A) actomyosin structures,
non-muscle myosin 2c (NM2c), myosin-1b (Myo1b), beta-cardiac myosin (3CM), Plasmodium falciparum myosin-A (MyoA), myosin-15a (Myo15a) and
myosin-5a (Myo5a). Those solved pre-2020 are displayed in light blue whilst those solved from 2020 are shown in bright blue. AM -actomyosin, M-
myosin. The structure of the primed AM.ADP.Pi state is unknown. Binding of myosin to actin induces conformational change enabling actin-binding cleft
closure, phosphate release and the powerstroke. The exact order of these events is debated [5,6]. Following the powerstroke, an additional rotation of the
lever arm is observed [7], highlighted by an arrow. The extent and direction of this motion is different for different myosins and affects the rate of ADP
release [7] (c) Structure of rigor actomyosin (7PLU) highlighting the six elements contributing to the strongly-bound actomyosin interface, the helix-loop-
helix (HLH), cardiomyopathy (HCM) loop, activation loop, loop-2, loop-3 and loop-4. Myosin binding bridges two neighbouring actin subunits labelled
Actiny and Actin, (d) Comparison of the rigor actomyosin interface for non-muscle myosin-2C (NM2C; PDB ID: 5JLH), myosin-1b (Myo1b; PDB ID: 6C1H),
beta-cardiac myosin (BCM; PDB ID: 7JH7), Plasmodium falciparum myosin-A (MyoA; PDB ID:7ALN), myosin-15a (Myo15a; PDB ID: 7R91) and myosin-
5a (Myo5a; PDB ID:7PLU). The HLH and HCM loop interactions with F-actin form the core of the interface and are highly conserved. Supplementary
interactions involving the activation loop, loop 2, loop 3 and loop 4 are more variable, with these regions being divergent in sequence and length. No major
changes are observed in the F-actin structure upon myosin binding, though flexible regions like the D-loop become less dynamic.

their ATPase cycle (low duty ratio) and work together in
assembly to move F-actin. Myosin-5 motors spend most
of their AT Pase cycle attached to actin (high duty ratio),
enabling them to move processively along actin fila-
ments [2,5]. Some myosins such as myosin-2, -5, -7, and
-10 form autoinhibited states, which prohibit their
interaction with F-actin and regulate function [8].

Mutations in myosins are implicated in many diseases,
including heart disease [9], deafness [10], cancer
[11,12], bleeding disorders and muscle disorders [13].

The critical roles of myosins in cellular functions and
disease have led to extensive biochemical, biophysical
and structural investigation, yet their dynamic nature has
impeded full understanding of the force generation cycle
and structure—function relationships. This is something
that is now solvable with cryoEM-based technology.

Here, we describe the current contribution of cryoEM
to the understanding of myosin structure and function
('Table 1), with a focus on advancement over the last 2
years. We highlight the large contribution cryoEM has
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Table 1

CryoEM of myosin McMillan and Scarff 3

Myosin structures deposited in the Electron Microscopy Data Bank (EMDB) [16] ordered by release date, with most recent release date
first. Myosin class, subtype/state, organism and nucleotide state (if known) are detailed for each structure with corresponding EMDB
identifier, EM method and reported global resolution (A), Protein Data Bank (PDB) identifier, year of deposition, and related publication

reference (Ref.). TBP, to be published.

Myosin EMDB EM Method Resolution (A) PDB Year Ref.
Myosin-2 smooth shutdown state (chicken) 23810 Single particle 3.4 7MF3 2021 [22]
Actomyosin-5a rigor (chicken) 13501 Helical 3.3 7PLT 2021 [19]
Actomyosin-5a rigor (chicken) 13502 Helical 3.2 7PLU 2021 [19]
Actomyosin-5a rigor (chicken) 13503 Helical 3.5 7PLV 2021 [19]
Actomyosin-5a rigor (chicken) 13504 Helical 3.5 7PLW 2021 [19]
Actomyosin-5a rigor (chicken) 13505 Helical 3.6 7PLX 2021 [19]
Actomyosin-5a rigor (chicken) 13506 Helical 3.2 7PLY 2021 [19]
Actomyosin-5a rigor (chicken) 13507 Helical 3.2 7PLZ 2021 [19]
Actomyosin-5a rigor (chicken) 13508 Helical 3.6 7PMO 2021 [19]
Actomyosin-5a rigor (chicken) 13509 Helical 3.5 7PM1 2021 [19]
Actomyosin-5a rigor (chicken) 13510 Helical 3.6 7PM2 2021 [19]
Actomyosin-5a strong-ADP (chicken) 13521 Helical 3.1 7PM5 2021 [19]
Actomyosin-5a strong-ADP (chicken) 13522 Helical 3.0 7PM6 2021 [19]
Actomyosin-5a strong-ADP (chicken) 13523 Helical 3.5 7PM7 2021 [19]
Actomyosin-5a strong-ADP (chicken) 13524 Helical 3.5 7PM8 2021 [19]
Actomyosin-5a strong-ADP (chicken) 13525 Helical 3.7 7PM9 2021 [19]
Actomyosin-5a strong-ADP (chicken) 13526 Helical 3.6 7PMA 2021 [19]
Actomyosin-5a strong-ADP (chicken) 13527 Helical 3.6 7PMB 2021 [19]
Actomyosin-5a strong-ADP (chicken) 13528 Helical 3.7 7PMC 2021 [19]
Actomyosin-5a post-rigor AppNHp (chicken) 13529 Helical 2.9 7PMD 2021 [19]
Actomyosin-5a post-rigor AppNHp (chicken) 13530 Helical 2.9 7PME 2021 [19]
Actomyosin-5a post-rigor AppNHp (chicken) 13531 Helical 3.4 7PMF 2021 [19]
Actomyosin-5a post-rigor AppNHp (chicken) 13532 Helical 3.3 7PMG 2021 [19]
Actomyosin-5a post-rigor AppNHp (chicken) 13533 Helical 3.4 7PMH 2021 [19]
Actomyosin-5a post-rigor AppNHp (chicken) 13535 Helical 3.3 7PMI 2021 [19]
Actomyosin-5a post-rigor AppNHp (chicken) 13536 Helical 3.4 7PMJ 2021 [19]
Actomyosin-5a post-rigor AppNHp (chicken) 13538 Helical 3.3 7PML 2021 [19]
Actomyosin-2 skeletal ATP (rabbit) 13328 Helical 7.5 N/A 2021 [23]
Actomyosin-15 rigor (mouse) 24322 Helical 2.8 7R91 2021 [24]
Actomyosin-15 ADP (mouse) 24399 Helical 3.6 7RB8 2021 [24]
Actomyosin-15 rigor Jordan (mouse) 24400 Helical 3.7 7RB9 2021 [24]
Actomyosin-A rigor (Plasmodium falciparum) 11818 Helical 3.7 7ALN 2021 [17]
Actomyosin-2 skeletal rigor (mouse) 12289 Subtomogram averaging 10.2 7NEP 2021 [25]
Actomyosin-2 skeletal rigor (mouse) 12291 Subtomogram averaging 15.1 N/A 2021 [25]
Myosin-2 tail (Lethocerus) 22975 Single particle 4.2 7KOG 2021 [26]
Actomyosin-A rigor (Plasmodium falciparum) 10590 Helical 3.1 6TU7 2021 TBP
Actomyosin-11 rigor (chicken) 22808 Helical 4.3 7KCH 2021 [27]
Myosin-2 smooth shutdown state (turkey) 11069 Single particle 6.3 6247 2020 [28]
Myosin-2 smooth shutdown state (turkey) 11070 Single particle 9.0 N/A 2020 [28]
Myosin-2 smooth shutdown state (turkey) 22145 Single particle 4.3 6XE9 2020 [29]
Actomyosin-2 cardiac rigor (pig) 22335 Helical 3.8 7JH7 2020 [20]
Myosin-2 filament (fruit fly) 22217 Single particle 7.0 N/A 2020 [30]
Myosin-2 filament mutant (fruit fly) 22218 Single particle 8.0 N/A 2020 [30]
Actomyosin-2 cardiac rigor (bovine) 22067 Helical 4.2 6X5Z2 2020 [31]
Myosin-2 smooth shutdown state (turkey) 20084 Single particle 25 N/A 2019 [32]
Actomyosin-2 smooth rigor (chicken) 7100 Helical 6.0 6BIH 2019 [33]
Actomyosin-lb ADP (rat) 7329 Helical 3.2 6C1D 2018 [7]

Actomyosin-Ib ADP (rat) 7330 Helical 3.8 6C1G 2018 [7]

Actomyosin-Ib rigor (rat) 7331 Helical 3.9 6C1H 2018 [7]

Actomyosin-6 rigor (pig) 7116 Helical 4.6 6BNP 2018 [34]
Actomyosin-6 ADP (pig) 7117 Helical 55 6BNQ 2018 [34]
Myosin-2 filament (Lethocerus) 7029 Single particle 6.4 N/A 2017 [35]
Actomyosin-2 skeletal rigor (rabbit) 6664 Helical 5.2 5H53 2017 [36]
Myosin-2 filament (Lethocerus) 3301 Single particle 5.5 N/A 2016 [37]
Actomyosin-10 rigor (human) 8244 Helical 9.1 5KG8 2016 [38]
Actomyosin-NM2C rigor (human) 8164 Single particle 3.9 5JLH 2016 [15]
Actomyosin-NM2C rigor (human) 8165 Single particle 3.9 5JLH 2016 [15]
Myosin-2 filament (tarantula) 6512 Single particle 13 N/A 2015 [39]
Myosin-2 filament (tarantula) 6513 Single particle 17 N/A 2015 [39]

(continued on next page)
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Table 1 (continued)

Myosin EMDB EM Method Resolution (A) PDB Year Ref.
Myosin-2 filament (tarantula) 6514 Single particle 30 N/A 2015 [39]
Myosin-2 filament (Schistosoma) 6370 Helical 23 3JAX 2015 [40]
Myosin-2 cardiac filament (human) 2240 Subtomogram averaging 28 N/A 2012 [41]
Myosin-2 skeletal filament (frog) 1909 Subtomogram averaging 70 N/A 2012 [42]
Actomyosin-1e rigor (slime mold) 1987 Helical 7.7 4A7F 2012 [43]
Actomyosin-1e rigor (slime mold) 1988 Helical 7.8 4A7H 2012 [43]
Actomyosin-1e rigor (slime mold) 1989 Helical 8.1 4A7L 2012 [43]
Myosin-2 smooth rigor (chicken) 5257 Electron crystallography 20 3J04 2011 [44]
Myosin-2 filament (tarantula) 1950 Helical 20 3JBH 2011 [45]
Myosin-2 cardiac filament (mouse) 1465 Helical 32 N/A 2008 [46]
Myosin-5a inhibited state (chicken) 1201 Subtomogram averaging 24 2DFS 2006 [47]
Actomyosin-2 filament (chicken) 1001 Tomography 40 1M8Q 2002 [48]
Actomyosin-2 filament (chicken) 1001 Tomography 70 1TMVW 2002 [48]
Actomyosin-2 filament (chicken) 1001 Tomography 70 1018-19 2002 [48]
Actomyosin-2 filament (chicken) 1001 Tomography 70 101A-F 2002 [48]

made to understanding of the force generation cycle,
through providing structures of actomyosin, and in our
understanding of the myosin-2 shutdown state, essential
for regulation, and having significant disease relevance.
We discuss what is still to find out, but obtainable by
cryoEM, and how a better understanding of myosin
structure—function relationships may lead to future
therapeutic interventions.

Myosin dynamics and the actomyosin cycle
The myosin motor has been extensively characterised by
X-ray crystallography in a range of nucleotide and
mutational states to provide a detailed picture of the
conformational changes myosin undergoes when not
interacting with actin [2,5]. However, X-ray crystallog-
raphy cannot capture the details of how myosin interacts
with its track, F-actin, in actomyosin states of the force
generation cycle. These states have been studied by
electron microscopy since the 1970s [14] but only
recent improvements in cryoEM instrumentation and
image processing have enabled high-resolution (3—4 A)
actomyosin structure determination, first achieved in
2016 [15]. Over the past 6 years, the number of cryoEM
actomyosin structures available has increased rapidly
(Table 1), providing a picture of the entire force gen-
eration cycle (Figure 1b), with only the initial binding of
myosin, in its primed state, to actin left to elucidate [4].
In the past two years alone, the number of high-
resolution (3—4 A) actomyosin structures deposited in
the electron microscopy databank (EMDB) [16] has
increased from five to 32 (Table 1). In addition, a
number of medium resolution structures have been
deposited and interpreted with the aid of existing
crystal structures. This has consolidated our knowledge
of the actomyosin rigor and strong-ADP states, enabling
increased understanding of conserved features of the
actomyosin interface across myosin species and those
that are specific to particular myosins and thus relatable
to certain functional and/or kinetic properties.

A comparison of the available actomyosin rigor and
strong-ADP bound high-resolution structures shows
that six elements contribute to the actomyosin inter-
action surface in these states (Figure 1c,d). The helix-
loop-helix (HLH) and cardiomyopathy (HCM) loop
interactions form the core of the interface [17] and this
is largely conserved. Small differences in supplementary
actomyosin interactions involving loop-2, loop-3, the
activation loop, and loop-4, are related to differences in
loop sequence and length, which adapt them for func-
tion. Loop-2 is involved in initial sensing of the actin-
binding interface and likely modulates weak-binding
of myosin in its primed state to F-actin [18]. Loop-3 is
generally longer, and makes more extensive interactions
with F-actin, in high-duty ratio motors (e.g. myosin-1b,
myosin-5 and myosin-6) [7,19], whilst there is no
interaction between loop-3 and F-actin for the low-duty
ratio beta-cardiac myosin [20]. The activation loop is
involved in binding F-actin for some myosins and not
others. The variable position of loop-4 may influence a
binding preference for F-actin with or without tropo-
myosin [5]. The actin-binding cleft is closed in all
structures and there are no major changes in F-actin
upon myosin binding, although some flexible regions
like the D-loop become less dynamic. The transition
between strong-ADP and rigor states does not affect the
actomyosin interface but is associated with conforma-
tional change within the motor domain, which, relieves
internal strain, facilitates nucleotide release, and results
in small movement of the lever [21].

Despite the core of the actomyosin interface being
conserved, small conformational changes are propagated
through the motor domains resulting in large differences
in the relative positions of the converter and LCD for
the different myosin classes. Recently, multiple struc-
tures of myosin-5 have illustrated heterogeneity in the
lever position within three nucleotide states [19]. The
dynamic nature of the different actomyosin states
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means that the structure of each class of myosin mole-
cule in each step of the force generation cycle needs to
be elucidated in order to understand the nuances of the
process for each myosin in detail. One large gap in our
understanding of the force generation cycle comes from
the lack of any actomyosin structures in the primed
state that would describe how myosin initially attaches
to F-actin. This is something that is likely to be immi-
nently addressed through the use of time-resolved
cryoEM. Pioneering work showed disordered binding
of single-headed myosin to F-actin occurred before for-
mation of the classic actomyosin-rigor complex [49],
suggesting that it was possible to trap transient in-
termediates. Recent advances in time-resolved cryoEM
grid preparation devices have enabled reproducible
rapid mixing and grid vitrification on millisecond time-
scales [23] and modern microscopes should enable
these transient structures to be determined to
high-resolution.

Myosin tails

Whilst high-resolution structures of myosin heads have
been determined, information regarding the structures
of myosin tails is sparse. Assembly of myosin-2 into fil-
aments is essential for function, with correct tail packing
needed to ensure the appropriate arrangement of heads
on the thick filament backbone. Thick filaments have
only been solved to medium resolutions (5—8 A) for
invertebrates [30,37,39] and low resolution (20—30 A)
for vertebrates [41,46]. This has increased our under-
standing of tail packing for invertebrate filaments and
has led to a structure of the full-length myosin-2 tail, by
extracting segments of density relating to a single tail
from a thick filament reconstruction [26]. The tail
adopts a canonical coiled coil throughout its length
except at the head—tail junction and around skip resi-
dues, which interrupt the characteristic heptad repeat
synonymous with coiled coil. The tail is seen to flex
along the filament backbone and undergo local un-
winding of the super-helical repeat. There is remarkable
agreement between this invertebrate tail structure and
the 13 available crystals structures of human myosin tail
segments, which together cover just less than half of the
coiled-coil length, except in the tail region immediately
following the head (proximal S2), and around skip res-
idues 2 and 4 [26].

Myosin regulation

An exciting new area of muscle biology is the discovery
of new mechanisms of myosin thick filament regulation,
and the involvement of this regulation in disease,
discussed in detail elsewhere [50—54] and outlined
here. In myosin-2, a conserved structural regulatory
state termed the interacting-heads motif (IHM) has
been observed in both filaments and isolated myosin
molecules [55]. In the IHM [56], the two motor do-
mains of the same myosin molecule interact

CryoEM of myosin McMillan and Scarff 5

asymmetrically with one another, creating one head that
is blocked (BH) from interacting with F-actin by oc-
clusion of its actin-binding site, and one head termed
free (FH) (Figure 2a). Both heads are in a primed
conformation and are thought to have low basal ATPase
activity [53]. In relaxed striated muscle, myosin heads
are found in the THM state along the thick filament
backbone, interacting with the first section of their own
coiled-coil tail and with adjacent heads [46] (Figure 2b).
The sequestering of heads away from F-actin together
with low basal ATPase activity underlies vertebrate
thick-filament based regulation of contraction [50] and
the so-called super-relaxed state [54]. In smooth muscle
and non-muscle cells, regulatory light chain (RLC)
dephosphorylation can promote depolymerisation of
myosin filaments [57], and individual myosin molecules
can form the shutdown state. In this state, the heads
adopt the IHM with the tail wrapped around the heads,
bent into three segments (Figure 2¢) [58]. This shut-
down state may facilitate transport of myosin within
the cytoplasm.

High-resolution structures of relaxed thick filaments
and shutdown myosin molecules have the potential to
aid in understanding of myosin-2 regulation and to
reveal how dysregulation of the IHM may underlie
multiple human diseases. Unfortunately, thick filament
structures have been of insufficient resolution to
achieve this. The difficulties in thick filament isolation
and their dynamic nature limits resolution rather than
the cryoEM imaging technique. Recently, in seminal
work by Wang et al. [25], the potential for in situ
determination of myosin structures has been shown
through a sub-nm reconstruction of actomyosin by
subtomogram averaging and this approach may well
result in high-resolution thick filament reconstructions
in the future. The shutdown state, observed in smooth
muscle and non-muscle myosin-2, is significantly more
stable than the THM observed in striated muscle
myosin, due to the presence of additional stabilising
interactions between the tail and heads, and has been
successfully captured by single-particle approaches.

Three shutdown smooth muscle myosin (SmM)
cryoEM structures have been solved in the last 2 years
[22,28,29]. Not surprisingly, all three corresponding
PDB models are extremely similar in the heads region,
where the cryoEM density maps are highly consistent
and model building is aided by the availability of crystal
structures. Each of the PDB models describe the same
main interfaces that stabilise the shutdown state
(Figure 2d) and propose a similar regulatory mechanism
for its destabilisation upon RLC phosphorylation
(Figure 2e). The phosphorylation sites are found in the
N-terminal extensions of the RLCs, which form the
latch (BH RLC — tail segment 3 interactions) and
mortar (RLC—RLC) interactions within the shutdown
state respectively. Phosphorylation disrupts these

www.sciencedirect.com

Current Opinion in Structural Biology 2022, 75:102391


www.sciencedirect.com/science/journal/0959440X

6 Cryo-electron microscopy

Figure 2
(a) (b)
ELC
Blocked
&3 Head (BH)
d
(d) Mortar Laten
RLC-RLC r--—=-=-
ELC /&
Seg1-FH
O Va8 *
Motor-motor

(c)

A W ’,‘

AP (b

[ ‘},\\‘FW) (/,‘4) )
XL\ e
Lo 145
Haen e

“\m }JV{‘\/{‘ .1 w

O VIR )

Latch

Current Opinion in Structural Biology

The Interacting-heads motif and shutdown state of myosin-2. (a) Schematic of the interacting-heads motif (IHM). One head is blocked (BH) from
interacting with F-actin by binding to the converter domain of the free head (FH), RLC - regulatory light chain, ELC — essential light chain (b) Observation
of the IHM in cryoEM reconstruction of tarantula thick filaments (EMDB 1D:6512) [39](c) Space-filled model of the shutdown state of smooth muscle
myosin (SmM), showing the blocked head — BH, free head-FH, and the relative positions of the three tail segments, seg1, seg2 and seg3 (d) PDB ID:
6Z47 inset into EMDB cryoEM density map:11069 [28], illustrating interactions between the motor domains, light chains and tail segments within the
heads region of the SmM shutdown state. (e) Enlarged view of (d) (boxed region) in latch and mortar regions, showing location of phosphorylatable serine
residues (orange) and unfilled density attributable to N-terminal extensions of the RLCs (shaded pale blue and outlined with dashed blue line). The
structure suggests the mechanism of regulation by phosphorylation. Phosphorylation of the BH-RLC serine (orange) would cause charge repulsion
between the latch and segment 3, whilst phosphorylation of the FH-RLC serine (orange) would cause steric clashes pushing apart mortar interactions to

open the molecule up.

interactions by creating charge repulsion in the latch
and steric clashes in the mortar, releasing the tail from
the BH and pushing apart the head—tail junction so that
the molecule can open up. However, there are in-
consistences between the PDB structures for the tail,
specifically for tail segments 2 and 3. This is not sur-
prising given their inherent flexibility, demonstrated by
differences here in the overlay of the maps, and lower
resolution in the experimental data within this region
prohibiting de novo building. The Scarff et al. [28]
structure is of lower global resolution (6.3 A) but was
obtained from an unfixed, onativc molecule, whilst the
other structures (3.4—4.3 A) were stabilised by cross-
linking [22,29]. Scarff et al. [28] used constraints from
coiled-coil geometry to ensure canonical coiled coils
were built into the lower resolution tail density, whilst
Yang et al. [29] and Heissler et al. [22] did not. These
latter models contain significant regions of tail which
lack the hydrophobic seam associated with a canonical
coiled colil.

Structure-based drug design

Obtaining more structures at high-resolution to reveal
structural—functional relationships, brings strong po-
tential for structure-based drug design in the myosin
field. In particular, over 1000 mutations in the beta-
cardiac myosin molecule are associated with cardiomy-
opathies [13], with significant disease burden. These
mutations are spread throughout the molecule, with
hotspots around the nucleotide pocket, converter and
segment-1 region of the tail [13]. Although some mu-
tations modulate force generation, or actomyosin in-
teractions [20,59], many are suggested to affect
formation or stabilisation of the ITHM [59,60]. Small
molecule modulators of cardiac myosin are already in
clinical trials for cardiomyopathies [61—64] and one of
these, mavacamten, is known to stabilise an off-state
[65]. The recently solved shutdown state of myosin-2
provides a framework for interpreting the effects of
mutation on structure. A high-resolution structure of
the beta-cardiac myosin IHM, and of the shutdown state
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of non-muscle myosin 2A, which is dysregulated in
clotting disorders, would be targets for structure-based
drug design. The malaria parasite myosin seems signif-
icantly divergent in structure—function relationships
from human myosins that it could be a target for malaria
treatment [17,60]. Class I myosins are implicated in
cancer and could prove potential targets for diagnostic,
prognostic, and therapeutic purposes in the future [11].

Conclusions

CryoEM is revolutionising the myosin field, providing
actomyosin structures to reveal a more complete un-
derstanding of the force generation cycle, and structures
of autoinhibited states, with potential for structure-
based drug design. It is highly likely that time-
resolved cryoEM will soon enable the primed actomy-
osin state to be solved to high-resolution. Single-particle
approaches to solve autoinhibited states of myosin will
surely continue. Vertebrate myosin filaments have so far
eluded high-resolution structure determination, largely
because of difficulties in their purification as well as
inherent dynamics. Further improvements in cryo-
electron tomography and its increased implementation
in the myosin/muscle arena may allow for determination
of myosin filament structures to high-resolution in situ.
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