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Variants of the myosin interacting-heads motif
Raúl Padrón1, Debabrata Dutta1, and Roger Craig1

Under relaxing conditions, the two heads of myosin II interact with each other and with the proximal part (S2) of the myosin
tail, establishing the interacting-heads motif (IHM), found in myosin molecules and thick filaments of muscle and nonmuscle
cells. The IHM is normally thought of as a single, unique structure, but there are several variants. In the simplest (“canonical”)
IHM, occurring in most relaxed thick filaments and in heavy meromyosin, the interacting heads bend back and interact with
S2, and the motif lies parallel to the filament surface. In one variant, occurring in insect indirect flight muscle, there is no
S2–head interaction and the motif is perpendicular to the filament. In a second variant, found in smooth and nonmuscle
single myosin molecules in their inhibited (10S) conformation, S2 is shifted ∼20 Å from the canonical form and the tail folds
twice and wraps around the interacting heads. These molecule and filament IHM variants have important energetic and
pathophysiological consequences. (1) The canonical motif, with S2–head interaction, correlates with the super-relaxed (SRX)
state of myosin. The absence of S2–head interaction in insects may account for the lower stability of this IHM and apparent
absence of SRX in indirect flight muscle, contributing to the quick initiation of flight in insects. (2) The ∼20 Å shift of S2 in 10S
myosin molecules means that S2–head interactions are different from those in the canonical IHM. This variant therefore
cannot be used to analyze the impact of myosin mutations on S2–head interactions that occur in filaments, as has been
proposed. It can be used, instead, to analyze the structural impact of mutations in smooth and nonmuscle myosin.

The canonical IHM
The myosin II molecule has two heads and a long tail (Fig. 1 B b;
Geeves and Holmes, 2005). Under relaxing conditions, the heads
can interact with each other through a head–head interaction
first found in 2-D crystals of smooth muscle heavy meromyosin
(HMM) andmyosin in the off-state (Wendt et al., 2001; Liu et al.,
2003), creating a blocked head (BH) and free head (FH; Fig. 1 A).
Cryo-EM studies later showed that this interaction also occurs in
native, relaxed thick filaments of tarantula (Woodhead et al.,
2005), and revealed an additional interaction, brought about
by folding back of the heads onto the tail, in which the BH mesa
(Spudich, 2015) interacts with S2. These two basic, intramolec-
ular interactions (BH–FH and BH–S2) were later also demon-
strated in single molecules of smooth muscle HMM (Burgess
et al., 2007), and define the interacting-heads motif (IHM;
Fig. 1 A; Woodhead et al., 2005; Alamo et al., 2008, 2017a). We
propose the term “canonical” to describe this basic IHM struc-
ture, as it is the simplest and most common IHM, occurring in
isolated HMM molecules (therefore independent of any inter-
action with the distal portion of the tail [light meromyosin] or
with other proteins), and in numerous thick filament types

(Limulus [Zhao et al., 2009], scorpion [Pinto et al., 2012], and
scallop [Woodhead et al., 2013] muscle; mouse [Zoghbi et al.,
2008], human [Al-Khayat et al., 2013], and zebrafish
[Gonzalez-Sola et al., 2014] cardiac muscle; Fig. 1 C), and schis-
tosome smoothmuscle (Sulbaran et al., 2015); reviewed in Alamo
et al. (2018). While interaction of S2 with the BH in filaments
has only been directly observed in tarantula (Fig. 1 C c), it is
assumed to occur in these other species, and to be an integral
component of the canonical IHM (Fig. 1 C; Blankenfeldt et al.,
2006; Alamo et al., 2017b, 2018; Nag et al., 2017; Woodhead
and Craig, 2020).

Two variants of the IHM
Two exceptions to the canonical IHM structure have been de-
scribed. One occurs in thick filaments of the indirect flight
muscles of insects (“insect variant”; Fig. 1 D), specialized for the
rapid contraction–relaxation cycles that power insect flight (Hu
et al., 2016). The other (“10S variant”; Fig. 1 B) is found in single
molecules of smooth and nonmuscle myosin II, in which the tail
is folded to produce a compact, inhibited conformation with a
10S sedimentation coefficient, specialized as an inactive storage
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molecule that can be activated for motile function when re-
quired (Heissler and Sellers, 2016). This 10S single molecule
variant appears to be ubiquitous across the evolutionary tree,
from sponges to humans (Jung et al., 2008; Lee et al., 2018).

What structural differences distinguish these variants from
the canonical IHM? In the insect filament variant, there are two
distinct modifications. There is no interaction of S2 with either
head, and the motif is perpendicular to the filament axis, in
contrast to the parallel arrangement in the canonical structure
found in all other filaments (Fig. 1 D, cf. Fig. 1 C; Hu et al., 2016).
In the 10S molecule variant, the tail bends twice, creating three
segments, which wrap around the interacting heads (Fig. 1 B).
Within the IHM (S2 and the two heads), S2 (segment 1) is shifted
off the mesa, to a point ∼20 Å closer to the tip of the BH com-
pared with the canonical structure (Fig. 2, B and C). For the
remainder of the molecule outside the IHM, segment 2 passes
around the BH, and segment 3 bends back onto the BH, taking
the place of S2 in the canonical IHM (Fig. 2 A). These different
locations of S2 on the BH are due to the different courses that it
takes as it leaves the junction of the heads. In the canonical IHM,
S2 runs diagonally across the hole formed between the two
heads, then bends to travel over the BH mesa (Fig. 1 A). In the
10S variant, S2 follows a straight course and crosses the BH close
to the tip of the BH motor, ∼20 Å distant from S2 in the ca-
nonical IHM (Fig. 2 A; Yang et al., 2020; Scarff et al., 2020;
Heissler et al., 2021). Comparison of the tarantula filament (ca-
nonical) IHM, in which the S2 densities have been clearly de-
tected in the low-resolution cryo-EM 3-D maps, and the 10S
variant (known at high-resolution) reveals two further differ-
ences. When the tarantula IHM and molecule variant are su-
perimposed by alignment of their BHs, their FHs are less well
aligned. This local mismatch suggests significant conformational
differences of the corresponding heads in the two structures. In

addition, in the tarantula IHM, S2 crosses the BH within 3 Å of
the mesa surface, suggesting substantial interaction, while in its
∼20 Å–displaced position in the 10S variant, it hovers ∼10 Å
above the BH, implying minimal interaction (Fig. 2, B and C,
bottom).

Functional and energetic differences between IHM variants
These differences in S2 shape and interactions have important
functional consequences, as the residues of the BH involved in
the BH–S2 interaction in the canonical IHM and the insect fila-
ment and 10S molecule variants are different, with implications
for both muscle energetics (ATP saving) and structural under-
standing of disease pathogenesis.

The intramolecular interactions that constrain head motions
and block binding sites in the canonical IHM are thought to be
the main structural basis of the slow myosin ATP turnover rate,
termed super-relaxation (SRX; Fig. 1 A), that occurs in verte-
brate skeletal (Stewart et al., 2010) and cardiac (Hooijman et al.,
2011) muscle (Fig. 1 C a; reviewed in Craig and Padron [2022]).
Additional intermolecular “locking” interactions in tarantula
(Fig. 1 C c) and scallop (Fig. 1 C b) may further constrain BH
ATPase activity, possibly accounting for an even slower ATP
turnover rate, termed hyper-relaxation (HRX), in these species
(Vibert and Craig, 1983; Cooke, 2011; Naber et al., 2011; Alamo
et al., 2016; reviewed in Craig and Padron [2022]). We refer to
these as “variations” of the canonical IHM (i.e., the IHM is
similar to the canonical structure, but its properties aremodified
by these additional intermolecular interactions). Vertebrate fil-
aments only exhibit SRX. Potential interactions of canonical
IHMs with MyBP-C and titin (Fig. 1 C a) therefore do not appear
to produce additional locking interactions, but may be involved
with fine-tuning the SRX fraction or activation from the SRX
state (McNamara et al., 2016; McNamara et al., 2019; Nelson

Figure 1. The canonical myosin IHM and its variants. (A) Canonical IHM present in smooth muscle HMM and most thick filaments (see C), showing the
blocked and free heads (BH, orange; FH, green), with BH–FH interaction (white bar) and BH–S2 interaction (purple bar). MD, myosin II motor domain; RLC,
myosin II regulatory light chain; ELC, myosin II essential light chain. (B) 10S variant present in isolated vertebrate smooth and nonmuscle myosin II molecules in
their inhibited, folded conformation, with interactions between BH and FH (white bar), BH and tail segments 1 and 3 (blue bar), and the BH and tail segment
2 (green bar). Inset b shows myosin molecule with tail extended. (C) IHM variations in thick filaments, where the canonical IHM placed in a thick filament
environment may undergo additional (intermolecular) interactions: (a) vertebrate striated, showing hypothetical interaction with MyBP-C; (b) scallop striated,
with additional interactions between other IHMs in the same crown (yellow bar); and (c) tarantula striated, with additional interaction (green bar) between BH
and S2 from IHM in the axially adjacent crown. IHMs in all these variations are parallel to the filament surface. (D) IHM variant in Lethocerus indirect flight
muscle thick filaments (insect variant), where IHM is perpendicular to S2 and the filament surface, showing BH–FH interactions (white bar) but no interaction
with S2 (blue).
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et al., 2020; reviewed in Craig and Padron [2022]). A locking
interaction similar to that in tarantula also occurs in the 10S
IHM (Yang et al., 2020; Scarff et al., 2020; Heissler et al., 2021),
between the BH and segment 2 of the tail (Figs. 1 B and 2 A),
possibly constraining the BH ATPase in this variant and giving
rise to HRX in the molecule as well (Cross et al., 1988; Craig and
Padron, 2022).

BH–S2 interaction is absent from insect (Lethocerus) indirect
flight muscle thick filaments (Hu et al., 2016). This interaction is
thought to initiate head folding in the canonical IHM (Alamo
et al., 2016) and its absence in Lethocerus may account for the
lower stability of this IHM, implied by the weak head density in
thick filament 3-D reconstructions from this species (Hu et al.,
2016). If the IHM underlies SRX (Craig and Padron, 2022), this
would predict little or no SRX for this class of animal (Fig. 1 D).
Thick filaments of Drosophila flight muscle show little head or-
dering and appear not to form an IHM at all (Daneshparvar et al.,
2020), consistent with the absence of SRX in Drosophila muscle
(Ochala, J., personal communication), the only species where
SRX has not been found. The absence of SRX, and weak or no
IHM in insect indirect flight muscle, may be a specialization to
keep myosin heads fully unlocked, for instant interaction with
actin, allowing for rapid take off and escape from danger
(predators, swatting hands) or pursuit of prey.

Mapping disease mutations onto IHM variants
A homology model of the vertebrate cardiac IHM, based on the
20 Å-resolution cryo-EM structure of the tarantula filament
IHM, was used successfully to map the location of mutations
causing hypertrophic cardiomyopathy (HCM) and dilated car-
diomyopathy (DCM; Alamo et al., 2017b; Nag et al., 2017). A key
finding was that many HCM and DCM mutations clustered in
the BH–FH and BH–S2 interfaces, suggesting that disruption or
stabilization of the IHM by these mutations might underlie the
respective hyper- or hypo-contractile phenotype of these dis-
eases. To fully understand the impact of these mutations, an
atomic structure of the human cardiac thick filament IHM is
required. Despite crystallization of HMM of squid muscle and
the achievement of near-atomic (∼5 Å) resolution in the x-ray
diffraction pattern, no IHM crystallographic structure has yet
been solved (O’Neall-Hennessey et al., 2013), and efforts to ob-
tain tarantula HMM crystals of sufficient size were unsuccess-
ful. In addition, mammalian cardiac thick filament structure has
been solved only to 30–40 Å resolution (by negative stain 3-D
reconstruction; Zoghbi et al., 2008; Al-Khayat et al., 2013), due
to weakness of the IHM interactions, their pseudo-helical ar-
rangement, and the presence of myosin binding protein C
(MyBP-C) and titin, all of which hinder structural analysis.
Similar and more complex issues inhibit cryo-EM studies, and

Figure 2. 20 Å difference in position of segment 1 of the 10S IHM variant compared with S2 in the canonical IHM. (A) PDB structures for the 10S
molecule variant (6XE9 [yellow], 6Z47 [purple], 7MF3 [green]) show similar locations for the three tail segments (Segs1–3). (B) Top: Comparison of 10S variant
(PDB accession no. 6XE9 [yellow]) with tarantula canonical IHM (PDB accession no. 3JBH [blue]) with light chains removed for simplicity, showing Seg1 of the
molecule shifted∼20 Å closer to the tip of the BH than S2 in the filament (red double arrow). Bottom: Horizontal slice of top view, rotated 90° to show Seg1 of
the molecule∼10 Å above the BH (yellow), implying little or no interaction, while S2 in the tarantula canonical IHM (blue) is within 3 Å of the BHmesa and could
interact. (C) Top: Superposition of the cryo-EM densities of the 10S variant (EMD accesison no. EMD-22145; low-pass filtered to 10 Å resolution, yellow) and
the∼12 Å resolution tarantula filament canonical IHM (blue), showing a∼22 Å S2–Seg1 shift (red double arrow). This view is rotated 180° around a vertical axis
compared with A and B to best reveal S2/Seg1, on the rear of the IHM. Bottom: Individual 3-D map densities showing that Seg1 (red arrow) does not interact
with the BH in the molecule variant (yellow), while S2 (red arrow) of the tarantula canonical IHM (blue) docks on the BH mesa. A and B were made with UCSF
Chimera, C was made with UCSF ChimeraX.
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no cryo-EM structure of cardiac thick filaments has yet been
reported.

The achievement of near-atomic resolution for the 10S IHM
molecule variant (Yang et al., 2020; Scarff et al., 2020; Heissler
et al., 2021; Fig. 2 A) opened new hope for analyzing the struc-
tural impact of HCM and DCM mutations on IHM stability and
interactions. These molecule IHM variants are the only available
near-atomic PDB structures reported so far for an IHM. It was
proposed that the improved, near-atomic resolution of the 10S
variant may “be invaluable as a model for understanding mu-
tations in striated muscle myosins, such as those in β-cardiac
myosin that result in hypertrophic cardiomyopathy” (Scarff
et al., 2020) and “will facilitate future basic and translational
research efforts to describe how mutations destabilize or dys-
regulate the IHM and lead to HCM and to exploit previously
unidentified inter- and intramolecular interfaces for the devel-
opment of mechanism-based therapeutics for HCM” (Heissler
et al., 2021). However, as already noted (Yang et al., 2020), S2
in the 10S variant is shifted ∼20 Å laterally from its position in
the canonical IHM (assumed to be the structure present in the
cardiac thick filament), and is also at a distance (∼10 Å) from the
surface of the BH mesa that would weaken or eliminate any
interaction (see above). Thus, analysis of cardiac mutations oc-
curring in the BH–S2 interface is not possible with the 10S
molecule variant. Further, analysis of other key mutations (e.g.,
in the BH–FH interface) requires the assumption that these IHM
interactions are the same in the canonical IHM and the 10S
variant, which we pointed out earlier may not be the case.
Solving the structure of the human cardiac IHM thus remains an
urgent need.

Despite these drawbacks, the molecule variant is precisely
the structure required to analyze disease-causing mutations in
smooth and nonmuscle myosin (Yang et al., 2020). These my-
osins have essential roles in numerous cellular functions
(smooth muscle contraction, nonmuscle motility, cytokinesis),
and multiple diseases are linked to mutations in their heavy
chains, including breast and prostate cancer, blood diseases, and
smooth muscle dysfunction (Ma and Adelstein, 2014; Abrams
et al., 2016). These mutations map mainly to regions of head–
tail and tail–tail interaction in the folded myosin structure,
supporting the key role played by this conformation in normal
cell function (Yang et al., 2020). Thus, in both the canonical IHM
and 10S variant, mutations involved in key intramolecular in-
teraction interfaces may be crucial in the causation of skeletal,
cardiac, smooth muscle, and nonmuscle cell diseases.

Is HMM a canonical IHM or a 10S molecule variant: Can it be
used to analyze HCM and DCM mutations?
HMM is a fragment of myosin used to elucidate myosin function
in solution, where a soluble molecule is required. It consists of
the two heads attached to the first segment (S2) of the myosin
tail, and is made by proteolytic digestion of tissue-prepared
myosin (Margossian and Lowey, 1982). Similar molecules, but
with shorter tails (25 or 15 heptads of α-helix) can be prepared
using a protein expression system (Anderson et al., 2018), which
also enables the effects of mutations to be studied (Anderson
et al., 2018; Rasicci et al., 2022 Preprint). Can these truncated

molecules be used to elucidate the structural impact of muta-
tions on cardiac myosin function? This depends on whether
HMM forms the (canonical) IHM present in filaments (Fig. 1 C
a), where mutational effects are expressed in vivo, or possibly
the IHM present in the molecule (10S) variant (Fig. 1 B), which
might be expected for an isolated molecule such as HMM. A
recent study suggests that cardiac HMM forms the canonical
IHM (Fig. 1 A), not the 10S variant (Fig. 1 B), and is thus ap-
propriate for mutational analysis (Rasicci et al., 2022 Preprint).
The mutation E525K in the myosin mesa causes DCM, charac-
terized by inhibition of contractile activity. This mutation en-
hances SRX in a 15-heptad HMM of cardiac myosin, while also
increasing formation of a compact (“closed”) structure according
to FRET solution observations; direct EM imaging demonstrates
that these compact molecules have a folded-back IHM structure
whose numbers increase with the mutation. In the folded-back,
canonical IHM, E525 on the BHmesa is next to a ring of negative
charge on S2: charge reversal at E525, from negative to positive,
would therefore be expected to stabilize the folded back struc-
ture through increased attraction of S2 for the BH, as observed
(Rasicci et al., 2022 Preprint). Thus, S2 position in the canonical
IHM directly explains this stabilization, whereas the 10S variant,
in which S2 is 20 Å distant, would not. We conclude that the
IHM in single HMM molecules is canonical—similar to that in
cardiac filaments—and therefore appropriate for analyzing the
impact of mutations on living cardiac muscle. What is needed
now is its structure. One approach to this question has been
modeling of a 25-heptad HMM structure based on low angle
x-ray scattering (Gollapudi et al., 2021). This suggests that car-
diac HMM in solution may not have a single structure, but can
form other closed conformations (this would be consistent with
the weak intramolecular interactions on which the IHM is
based). However, the precise nature of these conformations
remains to be determined.

Work will remain even after the single molecule cardiac IHM
structure is solved. IHMs in vertebrate thick filaments are ar-
ranged along pseudo-helical tracks, with different interactions
between IHMs at different levels of heads spaced 13–15 nm apart
in each helix (Zoghbi et al., 2008; Al-Khayat et al., 2013). It will
be important to determine whether any of the documented
cardiomyopathy mutations occur in these intermolecular inter-
actions, which can be analyzed only in filaments, as well as the
intramolecular interactions that can be elucidated using the
HMM structure. Additional intermolecular interactions may
also occur between IHMs and MyBP-C, titin and the light mer-
omyosin tails forming the filament backbone (Zoghbi et al.,
2008; Al-Khayat et al., 2013), possibly leading to further IHM
variations (Fig. 1 C a) in different vertebrate striated muscles
(cardiac, fast and slow skeletal) due to different myosin and
MyBP-C isoforms, which may contribute to differing properties
of SRX in these diverse muscle types (Stewart et al., 2010;
Hooijman et al., 2011; reviewed in Craig and Padron [2022]).
Analysis of these possibilities will require a high-resolution
cryo-EM structure of the human cardiac thick filament, which
has yet to be achieved. The atomic structure not only of the
cardiac IHM in solution, but also in the thick filament, where it
may interact with MyBP-C and titin, remains a pressing need,
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currently impeded by the mixed populations of IHM (SRX) and
non-IHM (DRX) myosins and complex distribution of non-
myosin components along the vertebrate thick filament.
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