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S T R U C T U R A L  B I O L O G Y

Mavacamten inhibits myosin activity by stabilizing the 
myosin interacting-heads motif and stalling motor 
force generation
Sean N. McMillan1,2,3, Jaime R. T. Pitts1,2, Bipasha Barua4,  
Donald A. Winkelmann4, Charlotte A. Scarff1,2*

Most sudden cardiac deaths in young people arise from hypertrophic cardiomyopathy, a genetic heart muscle 
disease. Treatment has until recently been limited to symptomatic relief or invasive procedures. Small-molecule 
modulators of cardiac myosin are promising therapeutic options to target disease progression. Mavacamten, 
the first Food and Drug Administration–approved example, has an unclear mechanism. To address this, we 
solved cryo–electron microscopy (cryo-EM) structures of beta-cardiac heavy meromyosin in three adenosine 
5′-diphosphate and inorganic phosphate (ADP.Pi)–bound states, the primed motor domain with and without 
mavacamten and the autoinhibited interacting-heads motif (IHM) with mavacamten, to 2.9, 3.4, and 3.7 Å global 
resolution, respectively. Together with quantitative cross-linking mass spectrometry analysis, these structures 
reveal how mavacamten inhibits myosin. Mavacamten stabilizes ADP.Pi binding, stalling the motor domain in 
a primed state, reducing motor dynamics required for actin-binding cleft closure, and slowing progression 
through the force generation cycle. These effects propagate within the two-headed molecule, stabilizing the 
IHM through increased motor-motor contacts. While this promotes diastolic relaxation, it also reduces systolic 
contractile output.

INTRODUCTION
Hypertrophic cardiomyopathy (HCM) (see table S1 for full list of 
abbreviations) affects at least 1 in 500 people and is the most com-
mon cause of heart failure in the young (1). It is a genetic disease 
of the sarcomere, with ~40% of known disease-causing mutations 
found in the beta-cardiac myosin (βCM) heavy chain gene (MYH7) (2) 
and causing ~30% of disease cases (3). The exact disease mechanism(s) 
for HCM remains unclear. Treatment typically involves symptom-
atic relief, with beta or calcium channel blockers, or invasive proce-
dures, such as septal myectomy, which do not address the root cause 
of disease (4). More recently, small-molecule treatments have been 
developed to directly modulate βCM force production (5) and tack-
le disease progression. Mavacamten (6, 7) is the first of these to be 
Food and Drug Administration approved, with many others in clin-
ical trials (8, 9). However, our understanding of the molecular mech-
anism of mavacamten is limited, restricting our understanding of its 
functional effects within disease.

βCM is the molecular motor responsible for force generation in 
cardiac ventricular tissue (10), fueled by adenosine 5′-triphosphate 
(ATP) and through its interaction with filamentous actin. A single 
βCM molecule is composed of two heavy chains and four light chains, 
of which two are essential (ELC) and two are regulatory (RLC). Each 
heavy chain consists of an N-terminal globular motor domain, light 
chain binding domain (LCD) (where one ELC and one RLC bind) 
followed by an alpha helical region through which two heavy chains 
dimerize to form a coiled coil. The coiled coil is further divided into 

subfragment 2 (S2) and the filament-forming light meromyosin 
(LMM). Each motor domain is divided into four subdomains, the 
N-terminal, lower 50-kDa (L50), upper 50-kDa (U50), and the con-
verter that together with the LCD forms the lever (11, 12).

Myosin molecules form bipolar filaments, with their LMM tails 
in the filament backbone and their paired motor domains on the 
filament surface (13, 14). To drive contraction, they work in concert, 
interacting with actin to generate force transmitted by their levers 
in response to nucleotide and actin-binding state (12). The motor 
domain together with the lever, collectively termed S1 or a myosin 
head, as well as cardiac heavy meromyosin (cHMM) (myosin lack-
ing its LMM region), are competent to produce force and thus fre-
quently studied to understand the myosin mechanochemical cycle.

Upon ATP binding, a myosin head undergoes lever priming and 
ATP hydrolysis, to form a primed conformation (15, 16). In this ad-
enosine 5′-diphosphate and inorganic phosphate (ADP.Pi)–bound 
state, myosin has an open actin-binding cleft between the U50 and 
L50 domains and can only interact with actin weakly. Conforma-
tional change within the motor leads to stronger actin-binding, cleft 
closure, Pi release, and myosin lever swing (powerstroke), generat-
ing force (17, 18). ADP release from the motor results in a further, 
more minor shift in lever position (19). Rebinding of ATP opens 
the actin-binding cleft, disassociating the motor from actin, and the 
cycle starts again (15). Phosphate release is the rate limiting step for 
βCM in the absence (basal turnover) of actin, while in the presence 
of actin phosophate release is fast and coupled to force generation 
(20, 21).

Within the heart, muscle contraction and thus force production 
are tightly regulated by two distinct mechanisms (22). Actin thin fila-
ment regulation acts as an on-off switch, controlling when contrac-
tion can occur through intracellular calcium levels, dictating when 
sites on actin are available for myosin binding (23). Myosin thick 
filament regulation fine-tunes the force output of individual thick 
filaments by controlling the number of motors available to produce 
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force within the filament (24). To do this, βCM can form a seques-
tered state outside of the force generation cycle called the interacting-
heads motif (IHM).

The IHM forms through the asymmetric interaction of two ADP.
Pi-bound primed motors from the same molecule folding down 
against their S2 coiled coil (13, 14). Within the IHM, one of the heads 
[termed the blocked head (BH)] is blocked from interacting with 
actin as its actin-binding cleft is sequestered by the converter of the 
other head [termed the free head (FH)]. In filaments, the IHM state 
is further stabilized through interactions with the thick filament 
backbone, titin, and myosin-binding protein C (13, 14).

In HCM, it has been hypothesized that some mutations elicit 
their effect by increasing the number of βCM molecules available to 
interact with actin and produce force (25, 26), while others may di-
rectly affect force generation (27, 28). In both cases, this can result in 
diminished relaxation and the diastolic dysfunction observed clini-
cally (29). Thus, HCM may potentially be treated by therapeutics, 
which either inhibit myosin activity or increase formation of an 
off-state.

Mavacamten is a cardiac myosin allosteric inhibitor of sarco-
meric force production, reducing cardiac contraction in animal 
models, isolated cells, and muscle fibers (30). It acts on basal and 
actin-activated adenosine triphosphatase (ATPase) activity by in-
hibiting Pi release and stabilizes an autoinhibited off-state (31), 
reducing the number of motors functionally available to generate 
contractile force (30). Although mavacamten can stabilize an auto-
inhibited off-state (31), the detailed structural nature of this state, 
the mechanism of this stabilization, and how it inhibits Pi release 
are unclear (32).

Several recent studies have begun to build on biochemical ob-
servations and reveal the structural mechanism of mavacamten. 
Three cryo–electron microscopy (cryo-EM) structures have resolved 
the human cardiac thick filament, two in the presence (13, 14) and 
one in the absence of mavacamten (33). These structures demon-
strated that mavacamten stabilizes the IHM but do not have suffi-
cient resolution (ranging from ~20 to 6 Å) to observe the underlying 
mechanism. In addition, a recent crystal structure of a bovine 
S1 fragment complexed with ADP and beryllium fluoride (ADP.
BeFx) and mavacamten revealed the mavacamten binding site and 
that it restrains the lever (34). The authors used molecular dynamic 
simulations to investigate how mavacamten inhibits myosin activi-
ty and proposed that mavacamten binding alters the L50 domain 
actin-binding interface to form a motor incompetent for force 
generation (34). However, BeFx is a nonhydrolyzable ATP analog 
(35), which blocks myosin force generation, such that this proposed 
mechanism cannot and does not explain how mavacamten inhibits 
Pi release.

Here, we performed a comprehensive analysis of the effects of 
mavacamten on cardiac myosin, from in  vitro motility assays to 
structure determination by cryo-EM and cross-linking studies using 
mass spectrometry. We show how mavacamten allosterically stabi-
lizes the IHM and inhibits Pi release from individual motor domains. 
We see no evidence for a substantially altered L50 domain structure 
or destabilization of the L50 domain helix-loop-helix actin-binding 
interface upon mavacamten binding, as recently proposed (34). In 
the context of the thick filament structures (13, 14, 33), as well as 
recent observations made on the actin activation of myosin (18), our 
data allow us to present a full structural mechanism for mavacamten 
inhibition of myosin.

RESULTS
Mavacamten stabilizes an off-pathway stalled ADP.Pi state
We ensured that our cHMM construct was functionally active and 
inhibited by mavacamten, as expected, by testing its ability to drive 
actin filament movement by use of an in vitro filament gliding assay 
(36, 37) in comparison to a single-headed myosin construct (cS1) 
(fig. S1 and table S2). The mavacamten concentration required to 
reduce motility to 50% [median inhibitory concentration (IC50)] 
was 0.14 μM for cHMM and approximately fourfold higher for cS1 
(0.62 μM) [consistent with previous reports; (30)]. When filament 
movement was tracked over time in the presence of mavacamten, 
we observed that the number of moving filaments did not change for 
cS1 but decreased for cHMM in a dose-dependent manner (fig. S1D 
and movie S1), consistent with the cHMM construct forming the 
IHM and reducing the number of motors available to interact with 
actin and produce movement.

To corroborate this, we examined the ratio of open head to 
IHM cHMM molecules in the presence and absence of mavacamten 
(fig. S2) using a negative stain EM assay. We found that mavacam-
ten significantly increased the percentage of cHMM molecules in 
the IHM when compared to cHMM alone (P  =  0.0002, deter-
mined by an unpaired two-tailed Student’s t test with respect to 
the βCM control).

To understand how mavacamten elicits these effects, we used 
cryo-EM to solve the structure of the cHMM motor domain in an 
open heads conformation, in the presence (MDmava) and absence of 
mavacamten (MD), and the cHMM IHM conformation in the pres-
ence of mavacamten (IHMmava) (see Methods and figs. S3 to S5).

We preincubated cHMM with ATP to enable formation of open 
and IHM ADP.Pi states prior to the addition of mavacamten [or 
dimethyl sulfoxide (DMSO) as control], followed by subsequent 
cross-linking with bis(sulfosuccinimidyl)suberate (BS3) to stabi-
lize the myosin conformations formed (fig. S6). We then optimized 
cryo-EM grid and vitrification conditions for imaging cHMM mol-
ecules either in the open state or in the IHM, which were then se-
lected for downstream processing accordingly (see Methods).

The MDmava and MD were resolved to 2.9 and 3.4 Å global reso-
lution, respectively (fig. S4 and table S3). Both maps showed density 
for MgADP.Pi and a primed lever with associated ELC density, con-
firming they were in a primed conformation (fig. S7 and Fig. 1). 
The only discernible additional density within the MDmava cryo-EM 
map in comparison to the MD map was observed between the con-
verter and the U50 subdomain and could be attributed to the bind-
ing of a single mavacamten molecule (Fig. 1A and fig. S7, A and B). 
To interpret the cryo-EM density maps, we built pseudo-atomic 
models using a homology model and molecular dynamics–driven 
flexible fitting (table S4) (38).

Modeling enabled determination of the mavacamten binding pose. 
The mavacamten-protein interactions are predominantly hydropho-
bic, formed by the sidechain backbones of residues Arg721, Leu770 
(L770), and Iso713 on the converter with isopropyl pyrimidinedione, 
methylethyl ester, and phenyl moieties of mavacamten (Fig. 1, B and 
C) as well as His666 on the L50 subdomain and Thr167 on the U50 
subdomain with the isopropyl pyrimidinedione and phenyl moi-
eties. These hydrophobic contacts are supported by an ionic interac-
tion between Tyr164 (Y164) on the U50 subdomain and the isopropyl 
pyrimidinedione moiety and hydrogen bonding between Asn711 
(N711), the backbone of Arg712 (R712) from the converter, and 
Asp168 from the U50 subdomain to the isopropyl pyrimidinedione 
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and methylethyl ester moieties (Fig. 1, B and C). The same mavacam-
ten binding pose and contacts were independently observed with-
in the crystal structure of bovine S1 in complex with mavacamten 
[Protein Data Bank (PDB) ID: 8QYQ; figs. S8B and S9, A and B].

Binding of mavacamten rotates the lever 9° toward the U50 sub-
domain of the motor, perpendicular to the working stroke, when 
compared to the canonical primed MD conformation (Fig. 1D). This 
allows formation of a salt bridge between Asp778 (D778) and Lys146 
(K146), creating additional communication between the lever and 
U50 subdomain (Fig. 1 and movie S2). Thus, mavacamten acts as a 
molecular glue, bonding the lever against the U50 subdomain.

To understand how mavacamten may affect the association of 
myosin with actin in the weakly bound ADP.Pi state, we aligned the 
MD and MDmava structures on the L50 helix-loop-helix, the prima-
ry actomyosin-binding interface (18). Mavacamten binding subtly 
shifts the U50 subdomain relative to the L50 subdomain, pinching 
the actin-binding cleft in a motion distinct from cleft closure (Fig. 2, 
A and B, and movie S2). This may be driven by the increased com-
munication between the lever and the U50 subdomain, which moves 
the D-helix toward the active site, altering the relative position 
of Tyr134 and nucleotide (Fig. 2, C to E), compressing the ADP.Pi 
binding site.

The shift of the U50 subdomain toward the L50 subdomain 
results in several rotamer changes around the “backdoor,” an ionic 
interaction between Glu466 (E466) and Arg243 (R243) that blocks the 

phosphate exit tunnel in the primed conformation. Ile478 adopts a 
rotamer conformation facing the backdoor, and the E466 side chain 
is rotated such that the distance between the R243 nitrogen (NH1) 
and E466 oxygen (OE1) is reduced from 3.2 to 2.7 Å (Fig. 2, F to H, 
and movie S2). This shows that in the presence of mavacamten, the 
back door interaction is stabilized, which may reduce the likelihood 
of Pi release.

These structural observations are not seen in the crystal struc-
ture of bovine S1 in complex with mavacamten (PDB ID: 8QYQ) 
(fig. S8) (34). This could potentially be due to crystal packing effects 
restricting protein conformation within the unit cell, use of bovine 
over human βCM, or the use of the nonhydrolyzable ATP analog 
ADP.BeFx in comparison to the native ADP.Pi ligand (fig. S9). Cru-
cially, in the latter case, the beryllium blocks the catalytic site in 
a tetrahedral rather than penta-coordinated structure, stopping 
the motor from progressing through the catalytic cycle (35). Thus, 
our cryo-EM structures represent βCM motor domains with na-
tive ADP.Pi substrate and demonstrate how mavacamten stabilizes a 
stalled ADP.Pi state, providing structural evidence for the mecha-
nism of inhibited Pi release (31, 34, 39).

The mavacamten-induced structural changes are directionally op-
posed to those observed upon actin activation (18), where the release 
of the Pi is accelerated ~100-fold. Recent structural observations for 
myosin-5 have shown that upon initial binding of myosin to actin, 
the U50 subdomain, particularly the D-helix, is cocked back toward 

Fig. 1. Mavacamten restrains the lever and D-helix. (A) Segmented cryo-EM map of the βCM motor in complex with mavacamten (MDmava), split by subdomain (contour 
0.6): N-terminal domain, beige; L50 subdomain, green; U50 subdomain, pink; converter domain, light blue; LCD, dark blue; and mavacamten, burgundy. (B) Phenyl (1), 
methylethyl ester (2), and isopropyl pyrimidinedione (3) moieties of mavacamten. (C) Mavacamten binding site highlighting key interactions: hydrophobic Arg721 (R721), 
Leu770 (L770), Ile713 (I713), His666 (H666), and Thr267 (T267); ionic Tyr164 (Y164); and hydrogen bonding from Asn711 (N711), Arg712 (R712), and Asp168 (D168). (D) Overlay of 
MD (gray) and MDmava (colored and segmented) maps (contour MD: 0.5 and MDmava: 0.6) showing 9° shift in the lever due to mavacamten binding (global alignment) and 
formation of an ionic interaction Asp778-Lys146 (D778-K146).
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the converter. This cocking back motion expands the nucleotide pocket 
destabilizing the free Pi and promotes cleft closure (18). Thus, we won-
dered whether mavacamten binding through cocking of the U50 sub-
domain forward, stabilizing ADP.Pi binding, may also reduce motor 
domain dynamics to limit cleft closure. This would slow the transi-
tion from weak to strong binding of myosin to actin in the mechano-
chemical cycle, which is needed to sustain force and enable Pi release.

Mavacamten binding reduces myosin lever and 
actin-binding cleft dynamics
To investigate the effect of mavacamten on primed motor lever and 
actin-binding cleft dynamics, we used a quantitative cross-linking 
mass spectrometry (qXL-MS) approach. We used the MS-cleavable, 
amine and hydroxyl reactive cross-linker disuccinimidyl dibutyric 
urea (DSBU) to cross-link cS1 ADP.Pi in the absence and presence 

Fig. 2. Mavacamten binding shifts the D-helix position stabilizing Pi in the active site. (A) Root mean square deviation (RMSD) comparison between MD and MDmava 
structures colored on MDmava model (aligned on the HLH). (B) Overlay of MD (gray) and MDmava (colored), showing the subtle shift in the U50 (pink) toward the L50 (green). 
(C to E) Positioning of D778 and K146 in (C) MD, (D) MDmava, and (E) overlay MD (gray) and MDmava (colored), highlighting the communication between lever and D-helix 
in MDmava. (F and G) MD and MDmava structures in segmented maps respectively (contour MD: 0.6 and MDmava: 0.5), highlighting the change in back door Arg243-Glu466 
(R243-E466) contact and Ile478 (I478) rotamer. (H) Overlay of MD (gray) and MDmava (colored), highlighting the change in residue positioning.
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of mavacamten and then identified and quantified the cross-links 
obtained using an label-free qXL-MS comparative approach (see 
Methods) (40–42). The intermotor interactions found in cHMM 
could potentially obscure changes to the motor-lever interface. 
So, we chose to cross-link cS1, such that any differences observed 
would reflect relative changes in individual motor domain dy-
namics and not IHM formation. We identified 85 unique inter-
peptide cross-links, 67 intrapeptide cross-links, and 61 monolinks 
(where the cross-linking reagent had only attached to one reactive 
site) that changed in normalized signal intensity by at least two-
fold between the two conditions (see data S1 and S2 and fig. S10), 
indicating that adding mavacamten significantly affected cS1 con-
formational dynamics.

To interpret the effects of mavacamten on human cS1 dynamics 
(Fig. 3), we generated human S1 models, S1mava and S1 in the pres-
ence and absence of mavacamten, by superimposing the FH lever, 
and ELC and RLC from our IHMmava model (see Fig. 4A) onto 
our MDmava and MD structures, respectively, and replacing the 
mouse light chains found in the IHM for the human light chains 
primarily found in the cS1 construct (see Methods). We then an-
notated the models with interdomain cross-links that significant-
ly increased or decreased in signal intensity twofold accordingly 
(P < 0.05 across three replicates) and measured their Cα-Cα dis-
tances (table S5). Cross-links within the accepted DSBU reaction 
distance of 30-Å Cα-Cα were expected (43). Comparatively, obser-
vation of cross-links with a Cα-Cα distance >30 Å indicated con-
formational dynamics that allowed the two reacting side chains to 
transiently come into range.

Thus, if a significant increase in a cross-link signal intensity in 
the presence of mavacamten was observed with the same Cα-Cα 
distance in both S1mava and S1 models, then this indicated increased 
sampling of that conformational state and reduced dynamics, 
whereas an increase in signal intensity for a cross-link with a Cα-
Cα distance >30 Å would suggest increased dynamics, as there was 
an increase in reactivity, e.g., increased time in which the two resi-
dues sampled a conformation outside our model in sufficient prox-
imity to react.

To enable understanding of the changes in conformational dy-
namics that occurred upon the addition of mavacamten, we focused 
on interpreting cross-links that were interdomain, formed between 
individual motor subdomains, or the motor subdomains and human 
light chains. We identified 35 of these interdomain cross-links, of 
which we could annotate 27 on our models (Fig. 3, A and B, and 
table S5). The remainder could not be annotated as they were located 
within unmodeled or flexible regions, such as the N-terminal exten-
sion of the ELC or myosin loop2.

In the presence of mavacamten, the number of cross-links (<30-Å 
Cα-Cα distance) between the U50 domain and ELC increased sig-
nificantly (Fig. 3, A and C, and table S5). This was accompanied with 
a decrease in the ELC intrapeptide cross-link Lys142-Thr147 (K142-
T147). This is consistent with the lever being pulled in toward the 
U50 domain when mavacamten binds, as observed in our cryo-EM 
structures (Fig. 1). Cross-linking was also increased between the 
RLC and the LCD [Lys111/Lys115 (K115RLC) to Lys803 (K803LCD); Lys91/
Lys165 (K165 RLC) to Lys825 (K825LCD); and Lys62 (K62)/K165RLC to 
Lys835 (K835LCD)], and the RLC and loop1 [K115 to Lys206/Lys207 
(K206/K207)], indicating increased stability of the lever. The RLC-
loop1 cross-links had a Cα-Cα distance >30 Å in our S1 models 
but would have a Cα-Cα distance <30 Å if the lever was bent at the 

pliant point, forming the IHM BH lever position, consistent with 
the mavacamten-promoting formation of this state (Fig.  3D and 
table S5).

In the presence of mavacamten, cross-links between the base of 
the converter (CON) and the L50 domain [Lys707-Lys715 (K707L50-
K715CON) and K707L50- Lys757 (K757CON); Fig. 3E] increased sig-
nificantly, without an increase in Cα-Cα distances in our S1 models, 
indicating increased stability of L50-converter position. Explorato-
ry cross-links (Cα-Cα distance >30 Å) between the ELC and N-
terminal domain (NTD) [Tyr73-Lys21 (Y73ELC-K21NTD) and Lys98 
(K98ELC) to Lys21/Lys35/Lys50 (K21/K35/K50NTD)], and ELC (Y73) 
and converter (K707), were significantly decreased in the presence 
of mavacamten (Fig. 3, B and E). This again suggests that the lever 
position is more stable with mavacamten bound, exploring a narrower 
range of primed conformations and preventing sampling of states 
that would allow these cross-links to form.

When considering actin-binding cleft dynamics, the cleft is 
ordinarily thought to open and close rapidly on the microsecond 
timescale (16) but with an equilibrium strongly favoring the open 
cleft position and retention of Pi in the active site. In the presence 
of mavacamten, cross-links (<30-Å Cα-Cα distance) between the 
HCM loop in the U50 domain (Lys405 and Lys413) and the strut 
(Lys598) within the L50 domain (Fig. 3F and table S5), bridging the 
actin-binding cleft, increased in signal intensity. There was also a sig-
nificant increase in the Lys278

U50 to Lys679
L50 cross-link, on the 

opposite side of the actin-binding cleft. This suggests that cleft dy-
namics are reduced when mavacamten binds, enabling these cross-
links to form more readily. This reduction in cleft dynamics may 
help prevent the weak-to-strong binding transition, inhibiting phos-
phate release and effective actomyosin cross-bridging.

The cross-links Lys633-Lys657 (K633loop2-K657L50) and Lys450 
(K450U50)–K633loop2 (not modeled) also significantly increased, 
alongside a reciprocal decrease in the cross-link K450U50-K657L50 
in the presence of mavacamten. Considered alongside the large in-
crease of cross-links within loop2 (see data S1), observed upon the 
addition of mavacamten, this suggested that drug binding also 
stabilizes the conformation of loop2, enabling K657 to more readily 
cross-link with K633 than with K450.

The exploratory cross-link (>30-Å Cα-Cα distance) K450U50-
K707L50 (table S5) was also decreased in signal intensity in the presence 
of mavacamten, again indicating reduced motor domain dynamics in 
the presence of the drug.

Notably, two cross-links within loop3 of the L50 had a large in-
crease in signal intensity in the presence of mavacamten [Lys565(K565)–
Lys572(K572) and Lys570(K570)–K572; data S1]. This is beautifully 
explained when we examine the hydrogen bonding network of loop3 
within the MD and MDmava structures, respectively (see fig. S11, A 
and B). K565 and K570 are both solvent exposed within both struc-
tures, but in the presence of mavacamten, an ionic interaction be-
tween Asp469 and K572 is lost, and instead, Asp587 interacts with 
Arg567 (see fig. S11C). This leaves K572 without a binding partner, 
making it available for cross-linking to K565 and K570 and account-
ing for the dramatic change in reactivity observed.

Although the rearrangement of this hydrogen bonding net-
work may increase the dynamics of loop3 in the presence of 
mavacamten, there is a corresponding decrease to the cross-link 
Lys559(K559L50)–K565L50. This allows us to reasonably conclude that 
the localized increase in dynamics of loop3 is due to allosteric com-
munication and not a wholesale increase of dynamics within the L50. 
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Corroborating this, we see no evidence within the cryo-EM density 
maps for a decrease in stability of the helix-loop-helix motif (HLH) 
in the presence of mavacamten (fig. S4, L and M). This suggests that 
mavacamten does not have a direct effect on myosin weakly bind-
ing to actin, through disordering of the HLH, as proposed by 
Auguin et al. (34), but affects the weak-to-strong binding transition.

In addition to changes in cross-linking, we also observed chang-
es to monolink signal intensity, where the cross-linker reacts with 
a residue and solvent. Monolinks for the ELC residues Tyr129 and 
K142 and LCD residue K803 decrease in the presence of mavacamten 
as the ELC and LCD residues are instead able to cross-link with the U50 
and RLC, respectively (see data S1). The most significant decrease 

Fig. 3. qXL-MS analysis of cross-links in the presence of mavacamten. Overview of significant cross-links (P < 0.05) observed to (A) increase (fold change >2) and 
(B) decrease (fold change <0.5) in the presence of mavacamten mapped onto the S1mava model colored by subdomain: N-terminal domain, beige; L50, green; U50, pink; 
converter domain, light blue; LCD, dark blue; ELC, light purple; RLC, yellow; and mavacamten, burgundy. Solid lines denominate DSBU cross-links with a <30-Å Cα-Cα 
distance while dashed lines represent cross-links with a >30-Å Cα-Cα distance; red = increasing and purple = decreasing. (C and D) Magnified view of increasing cross-
links between the light chains and U50 subdomain, with an (C) open head and (D) BH lever position. (E) Overview of cross-links showing increased stability of lever posi-
tion in the presence of mavacamten. (F) Overview of cross-links showing changes in the U50-L50 position in the presence of mavacamten. Loop2 is represented by a 
dotted black line. Cross-links shown here are further described in table S5.
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in monolinking in the presence of mavacamten was to Y164, not un-
expected given that mavacamten directly interacts with this residue 
upon binding and so prohibits it from reacting with free cross-linker.

Together, our combined cryo-EM and qXL-MS structural analy-
sis suggests that mavacamten stabilizes ADP.Pi binding and limits 
actin-binding cleft closure, allowing weak binding but inhibiting the 
weak-to-strong binding transition, slowing phosphate release and 
force generation. Thus, mavacamten stabilizes an off-pathway stalled 

myosin motor conformation that can weakly interact with actin but 
is unable to progress through the mechanochemical cycle.

Mavacamten restrains the IHM through stabilization of the 
FH motor domain
To understand how mavacamten stabilizes the IHM, we used cryo-
EM to solve the structure of IHMmava to a global resolution of 3.7 Å 
(fig. S5 and Fig. 4A) and compared it to our MDmava structure and to 

Fig. 4. Mavacamten strengthens the motor-motor interface in the IHM by altering the FH lever conformation. (A) Segmented cryo-EM map of the IHMmava struc-
ture colored by chain (contour: 0.08): BH, green; FH, blue; ELCBH, light purple; ELCFH, purple; RLCFH, orange; RLCBH, yellow; mavacamten, burgundy; and nucleotide, light 
blue. (B and C) The IHMmava model fitted to the segmented map highlighting the BH and FH mavacamten pockets, respectively. (D) Side view of the FH lever (blue) over-
laid on the MDmava (dark purple), aligned on the motor Asp3-Pro710, highlighting the 5° shift of the lever. (E) Top-down view of (D) including the BH in green showing the 
movement of the FH converter. (F) Interaction interface between the U50BH-converterFH (contour: 0.01), with H-bonds unique to the IHMmava in red [compared to PDB ID: 
8ACT; (44)].
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the mavacamten-free folded-back state [IHM; (44)] previously re-
ported (PDB ID: 8ACT) (44). The overall appearance of the IHMmava 
is consistent with the IHM structure. However, mavacamten bind-
ing induces distinct conformational changes within the motor do-
main of the BH and FH, respectively.

Mavacamten is bound to both the BH and FH of the IHMmava 
(Fig. 4, B and C). The FH mavacamten binding site is compressed, 
with the lever domain lying even closer to the U50 than in the MD-
mava structure (fig. S12), yet it maintains all interactions previously 
observed (Fig.  4C). Conversely, due to formation of the BH lever 
conformation (shown in Fig. 3D), the mavacamten BH binding site 
is expanded (fig. S12) compared to the MDmava structure, and the 
interaction of mavacamten with N711 and L770 is lost (Fig. 4B). This 
suggests that mavacamten may have a greater effect on IHMmava sta-
bilization through its interaction with the FH.

The structural changes caused by mavacamten in the FH are the 
most prominent and provide a mechanism through which allosteric 
IHM stabilization occurs. Comparison of the MDmava and IHMmava 
FH, by alignment on the main body of the motor (residues 3 to 710), 
shows that the IHMmava FH lever adopts a much sharper angle than 
in the MDmava structure, rotating 5° perpendicular to the lever swing 
(Fig. 4D). If the same comparison is performed between the IHM 
(44) FH and IHMmava FH, a rotation of 9° is observed in the same 
direction (fig.  S13). The change in FH lever angle positions the 
converter closer to the BH, strengthening the U50BH-converterFH 
interface.

As the FH converter now packs more tightly against the U50BH, 
several new interactions form, strengthening the existing interface be-
tween Asn391 (N391BH) and the backbone of Ser738 (S738FH) as well as 
Tyr386 (Y386BH) and Gln734 (Q734FH) (Fig. 4F) that were previously 
reported to occur in the IHM in the absence of mavacamten (34).

New interactions are formed between S738FH, Ser392
BH and Asp382 

(D382BH), Asp717
FH and Lys397

BH as well as Arg735
FH and N391BH in 

addition to a hydrophobic interaction between Ala393 (A393BH) and 
Leu714

FH (Fig. 4F and movie S3). The movement also results in rear-
rangement of Phe735

FH, which now forms a hydrophobic interface 
with Lys383 (K383BH), Leu302

BH, and Y386BH. (Fig. 4F and movie 
S3). Interactions are also altered at the HCM loopBH-transducerFH 
interface with the formation of an ionic interaction between Asp409 
BH and Arg249

FH. Last, a new interaction interface between the 
U50BH and the ELCFH can form between Lys611

BH and Asp143
BH-ELC 

(movie S3).
In summary, the change in FH lever angle upon mavacamten 

binding provides increased structural rigidity to the IHM, through 
the increased contact between U50BH-converterFH facilitating the 
generation of new interfaces, strengthening the motor-motor con-
tact, and providing the structural mechanism for its allosteric stabi-
lizing effects. This mechanism is supported by recent structural 
observations in which IHM crowns in a relaxed mavacamten-free 
thick filament structure were less ordered than in their mavacamten-
bound counterparts, particularly in the FH of the disordered crown/
crown 2 (13, 33).

The BH conformation within the IHMmava also deviates from 
that observed in both the MDmava and the IHM (44) structures but 
only in the relative positioning of the U50 domain (see fig.  S14). 
When the MDmava is aligned on the L50BH domain of the IHMmava, 
it is apparent that the U50BH domain has moved across the L50BH 
toward S2 (fig. S14, A and B). If the same alignment is performed 
with the IHM (44) and IHMmava, the same shift is observed (fig. S14, 

C and D). This conformational change in the U50BH is needed to 
accommodate the altered converterFH position upon mavacamten 
binding (fig. S14E). Thus, the conformational changes observed in 
the BH upon mavacamten binding are a consequence of its IHM sta-
bilizing effect but not a contributor to IHM stabilization.

Along with stabilizing the motor-motor interface, mavacamten 
reduces the activity of the FH by restraining the nucleotide pocket. 
Comparison of the IHMmava FH to our MDmava structure and IHM 
(44) shows that the D-helixFH, is moved further toward the nucleo-
tide pocket in the IHMmava structure (Fig. 5, C to E, and fig. S13). 
The U50FH has also shifted relative to the L50FH, further pinching 
the actin-binding cleft (Fig. 5, A and B, and fig. S13). The resulting 
shift of the D-helixFH and surrounding loops further reduces the 
available space for ADP dynamics, increasing the stability of ADP.Pi 
within the active site (Fig. 5, F and G, and fig. S13). Once again, this 
is an opposite motion to that observed during actin activation (18).

Within the IHMmava structure, the BH is further restrained by its 
interaction with S2 (Fig. 6). S2 predominantly interacts with the BH 
via the FH heavy chain directly strengthening the interaction be-
tween the two chains (Fig. 6A). The contact interfaces are predomi-
nantly charged interactions and can be split into three main regions 
on the BH motor: the OH loop, W-helix, and HLH (Fig. 6, B to F, 
and movie S3).

The S2 in our IHMmava structure adopts a curved conformation 
more closely resembling that observed in the thick filament struc-
tures (13, 14, 33) over the mavacamten-free folded-back state struc-
ture (fig. S15) (44). This is unlikely to be an effect of mavacamten, 
but may be due to our use of a construct containing a longer native 
cHMM S2 domain sequence, extending well beyond the interface, 
rather than a short S2 sequence truncated at K942 and stabilized with 
a leucine zipper (44).

Examination of the S2-BH interface in our IHMmava model sug-
gests that it contains many more HCM mutation sites [Arg453→Cys, 
His, Ser, Leu (45–48), Arg660→Asn (49), Arg652→Gly (50), Lys903→Lys/
Gly (51, 52), Ile909→Met (53), and Ile913→Lys (54)] in addition 
to those previously reported in the IHM (44) [Lys450→Glu/Thr 
(55,  56), Gln882→Glu (57), and Gln892→Lys (58)]. Thus, mainte-
nance of this interface is likely crucial to regulate force production 
during cardiac contractions.

DISCUSSION
In this work, we have shown three high-resolution cryo-EM struc-
tures, two cHMM motor domains with and without mavacamten 
bound, alongside the cHMM IHM in complex with mavacamten, 
all containing the native substrate, ADP.Pi. The open head cHMM 
motor domain structures in combination with our qXL-MS analysis 
and new insights into actin activation (18) allow us to present a 
mechanism through which mavacamten elicits its effect on the myo-
sin mechanochemical cycle (Fig. 7).

Primed motors show lever and cleft dynamics that allow them to 
undergo basal ATPase activity (Fig. 7A) and weakly associate with 
actin. This can be regulated by sequestration of myosin molecules 
into the IHM, which substantially reduces ATPase activity (Fig. 7B). 
Upon weak binding of myosin to actin (Fig. 7C), cleft closure, Pi re-
lease, and powerstroke are accelerated, resulting in post-powerstroke 
actomyosin (Fig. 7D). Mavacamten stalls motor force generation by 
restraining lever position and inducing structural changes that stabi-
lize ADP.Pi binding and limit cleft dynamics (Fig. 7E). This in turn 
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increases the abundance of the IHM by strengthening interactions at 
the motor-motor interface (Fig. 7F). We find no evidence to support 
the proposal that mavacamten destabilizes the L50 to prohibit myo-
sin weakly binding to actin (34). Instead, in disordered relaxed mo-
tors that can weakly associate with actin (Fig. 7G), we propose that 
mavacamten stabilizes ADP.Pi binding and reduces actin-binding 
cleft dynamics to limit cleft closure. This allows weak binding but 
inhibits the weak-to-strong actin binding transition that is required 
for progression through the mechanochemical cycle (Fig. 7H).

The binding site of mavacamten within the motor domain is ob-
served to be identical between our cryo-EM independently deter-
mined structure and the bovine S1 crystal structure, yet distinct 
allosteric effects of mavacamten binding are seen within the cryo-
EM derived structure, namely, pinching of the actin-binding cleft, 
and ADP.Pi and backdoor stabilization.

While these differences could be attributable to crystal packing 
effects or use of a bovine rather than a human construct, we suspect 
that these differences, seen specifically in the active site, are most 
likely attributable to the presence of the native ADP.Pi substrate 
within the cryo-EM structure and the analog ADP.BeFx in the crys-
tal structure. ADP.BeFx is a strong inhibitor of myosin activity as it 
is a nonhydrolyzable analog of ATP.

Beryllium bonding is strictly tetrahedral and independent of the 
number of fluoride ions coordinating the Be atom, and the pentava-
lent trigonal bipyramidal geometry of the actual Pi transition state is 
excluded (35). This limits the conformations the analog can mimic 
within the active site and positions the BeFx closer to the ADP 
than a native Pi [discussed in further detail in (35) and observed in 
fig.  S9]. This makes it impossible to interpret structural changes 
affecting Pi release when using such an analog; in the presence of 

Fig. 5. Mavacamten further inactivates the IHM FH. (A) RMSD comparison between MDmava and IHMmava FH aligned on the L50, colored on IHMmava FH model. 
(B) Overlay of MDmava and IHMmava FH blue highlighting domain movements. (C to E) Structural comparison of lever and D-helix conformation showing D778-K146 cou-
pling hydrogen bond. (C) MDmava model and cryo-EM map (contour: 0.9), (D) IHMmava FH model and cryo-EM map (contour: 0.15), and (E) model overlay colored as in (B). 
(F to H) Structural comparison of active site. (F) MDmava model and cryo-EM map (contour: 0.9), (G) IHMmava FH model and cryo-EM map (contour: 0.15), and (H) model 
overlay colored as in (B).
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mavacamten and ADP.BeFx, two inhibitory mechanisms are at play 
and the specific mechanism of mavacamten inhibition of Pi release 
cannot be deduced. Conversely, within the cryo-EM structure, 
the allosteric effects of mavacamten on ADP.Pi stabilization are ob-
served, and structural evidence for the mechanism of inhibition of 
Pi release is provided.

With deeper insight into the impact of mavacamten on motor 
mechanics, future work can begin to apply this in a clinically mean-
ingful setting. The exploration of HCM mutations in the mava-
camten binding site and key interfaces created by mavacamten will 

provide insight into the functional effects of the drug in patients 
with specific mutations. For example, the HCM mutations R712L 
and E774V would directly affect the mavacamten binding site, likely 
rendering mavacamten less effective in patients with these mutations 
(59). The HCM mutations Arg719→Trp and Arg→723Gly, within 
immediate proximity of the binding site, do mildly affect mavacam-
ten binding (30, 59).

The newly formed network of motor-motor interactions in the 
presence of mavacamten also harbor several sites of pathogenic 
mutations: Asp382→Asn (60), Lys383→Val (61), Ala393→Val (62), 

Fig. 6. IHMmava S2 interactions. (A) IHMmava model in segmented cryo-EM map colored by chain (contour: 0.02): BH, green; FH, blue; ELCBH, light purple; ELCFH, purple; 
RLCFH, orange; RLCBH, yellow; mavacamten, burgundy; and nucleotide, light blue. (B) Overview of IHMmava S2BH interactions (modeled using molecular dynamics in ISOLDE) 
in segmented cryo-EM map (contour: 0.01): BH, green; FH, blue. (C) S2-HO linker hydrogen bonding: Glu875-Lys450 (E875FH-K450BH), Gln892-Arg453 (Q892FH-R453BH), and 
Arg453-Glu448 (R453BH-E448BH). (D) S2-W helix hydrogen bonding: Gln892-Thr660 (Q892FH-T660BH), Asp896-Asn656 (D896FH-N656BH), Asp897-Asn653 (D897FH-N653BH), and 
Asp900-Arg652 (D900FH-R652BH). (E and F) S2-HLH interactions (E) hydrogen bonding: Glu903-Pro527 (E903FH-P527BH) backbone, Gln907-Lys526 (Q907FH-K526BH), Lys912-Glu536 
(K912BH-E536BH), and Glu916-Lys551 (E916BH-K551BH); (F) hydrophobic interactions: Ile909 (I909BH), Ile913 (I913BH), Phe540 (F540BH), and the aliphatic side chain backbone of 
Lys910 (K910BH).
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Arg719→Trp (63), Arg719→Gln (64), Arg719→Pro (65), Gln734→Pro 
(56), and Gln734→Glu (66). These residues are not indicated to 
be directly involved in the motor-motor interface in the absence of 
mavacamten, based on the mavacamten-free IHM structure (PDB 
ID: 8ACT). So, these mutations may not directly destabilize the 
IHM, but they may affect myosin dynamics indirectly leading to less 
IHM formation. Thus, the IHM stabilizing effects of mavacamten in 
the presence of one of these mutations may be lessened.

Thus, further work is required to ascertain the effectiveness of 
mavacamten in the presence of disease-causing mutations within 
and surrounding the mavacamten binding site and at IHM con-
tact interfaces. A deeper understanding of the mechanism through 
which mavacamten inhibits motor function in the context of disease 

may potentially allow us to predict patients who would be nonre-
sponders or who would potentially suffer unintended side effects 
from treatment with mavacamten, such as a substantial reduction in 
systolic function. This would provide a path forward for personalized 
medicine alongside the development of more effective therapeutics.

METHODS
Adenovirus manipulation
The human β-cHMM used for cryo-EM encodes residues 1 to 1137 
of the MYH7 gene (GenBank: AAA51837.1). This design includes 
42 heptad repeats of the S2 domain with a FLAG tag added at the 
C terminus (1138 to 1146) (fig. S3). A revised design was used for 

Fig. 7. Overview of myosin force generation and mavacamten’s structural mechanism. (A to D) Schematic representation of βCM force generation: (A) Primed open 
head motor with both the lever and U50 dynamically exploring conformations able to transition to (B) the IHM preventing further force generation or (C) primed acto-
myosin. The primed actomyosin is initially weakly bound but rapidly proceeds through the weak-to-strong actin binding transition, releasing phosphate and undergoing 
the force generating powerstroke resulting in formation of (D) post-powerstroke actomyosin. (E to H) Schematic representation of βCM force generation in the presence 
of mavacamten: (E) Mavacamten stalled open head motor with restrained lever and shifted U50 stabilizing the Pi, able to transition to (F) the restrained IHM and stabilized 
by increased motor-motor interactions. Mava stalled open head myosin may also interact with actin forming (G) stalled actomyosin. The stalled actomyosin does not 
readily undergo cleft closure (red X) preventing phosphate release and its transition through lever swing (red X) to (H) post-powerstroke actomyosin.
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antibody capture for the motility assay that incorporates an epitope 
for an anti-S2 monoclonal antibody (mAb) (37, 67). The antibody 
recognizes the epitope “AEKH RADLSRE” spanning heptads 43 and 
44 of MYH7. The epitope was added into the coiled-coil S2 domain 
of β-cHMM followed by one additional heptad (45 heptads) and a 
FLAG tag at the C terminus. The single-headed cS1 design encodes 
residues 1 to 834 MYH7 followed by a short linker fused to a green 
fluorescent protein (GFP) domain and a FLAG tag at the C termi-
nus. The expression cassette includes two Internal Ribosome Entry 
Site (IRES) sequences for coexpression of human MYL3 (vLC1) and 
MYL2 (vLC2). The DNA sequences were assembled, inserted into 
an AdEasy shuttle vector, and sequenced (GeneWiz, Azenta Life Sci-
ences, South Plainfield, NJ). Adenovirus plasmids were generated 
by recombination in Escherichia coli strain BJ5183-Ad1, and the 
transgene inserts in the plasmids were sequenced. New viruses were 
packaged and amplified in Ad293 cells through five passages to pro-
duce high titer (68). The virus was harvested and purified by CsCl 
density gradient sedimentation, yielding final virus titers of ~1011 
infectious units per milliliter (IU ml−1) for infection of C2C12 cells 
and protein production.

Muscle cell expression and purification of β-cHMM and S1
Maintenance of the mouse myogenic cell line, C2C12 (CRL 
1772; American Type Culture Collection, Rockville, MD), has been 
described in detail elsewhere (69). Confluent C2C12 myoblasts 
were infected with replication defective recombinant adenovi-
rus (AdcHMM2.0) at 2.7 × 108 IU ml−1 in fusion medium (89% 
Dulbecco’s modified Eagle’s medium, 10% horse serum, and 1% fe-
tal bovine serum). Expression of recombinant myosin (cHMM or cS1) 
was monitored by accumulation of coexpressed GFP fluorescence in 
infected cells. Myocyte differentiation and GFP accumulation were 
monitored until the cells were harvested (198 to 264 hours). Cells 
were chilled, medium was removed, and the cell layer was rinsed 
with cold phosphate-buffered saline (PBS). The cell layer was scraped 
into Triton extraction buffer: 100 mM NaCl, 0.5% Triton X-100, 
10 mM imidazole (pH 7.0), 1 mM dithiothreitol (DTT), 5 mM 
MgATP, and protease inhibitor cocktail (Sigma-Aldrich, St. Louis). 
The cell suspension was collected in an ice-cold Dounce homoge-
nizer and lysed with 15 strokes of the tight pestle. The cell debris in 
the whole cell lysate was pelleted by centrifugation at 17,000g for 
15 min at 4°C. The Triton soluble extract was fractionated by ammo-
nium sulfate precipitation using sequential steps of 0 to 30% satura-
tion and 30 to 60% saturation. The myosin precipitates between 
30 and 60% saturation of ammonium sulfate. The recovered pellet 
was dissolved in and dialyzed against 50 mM tris, 150 mM NaCl 
(pH 7.4), and 0.5 mM MgATP for affinity purification of the FLAG-
tagged myosin on M2 mAb-Sepharose beads (Sigma-Aldrich). Bound 
myosin was eluted with FLAG peptide (0.1 mg ml−1; Sigma-Aldrich). 
Protein was concentrated and buffer was exchanged on Amicon 
Ultracel-10K centrifugal filters (Millipore, Darmstadt, Germany), dia-
lyzed exhaustively into 10 mM Mops, 100 mM KCl, and 1 mM DTT 
before a final centrifugation at 300,000g for 10 min at 4°C. Aliquots 
were drop frozen in liquid nitrogen and stored in vapor phase at 
−147°C. The sequences of the β-cHMM and cS1 preparations used 
in this study were confirmed by liquid chromatography–tandem MS 
of protein digests. Bound light chains are those that are constitu-
tively expressed in the C2C12 cells (MLC1/MLC3 and rLC2) or co-
expressed with the cS1gfp (vLC1 and vLC2).

In vitro motility assay
Measurement of in vitro motility of the S2 epitope–tagged cHMM 
was done as previously described (37,  70). Nitrocellulose-coated 
glass coverslips were incubated with 0.1 mg/ml of the anti-S2 mAb, 
10F12.3, in PBS followed by blocking the surface with 1% bovine 
serum albumin (BSA)/PBS. The cS1gfp was tethered with the anti-
GFP mAb 3E6 (Invitrogen, Thermo Fisher Scientific) bound to 
nitrocellulose-coated glass coverslips. The β-cHMM and cS1 pro-
teins were diluted to 20 μg/ml in motility buffer (MB) [25 mM im-
idazole (pH 7.8), 25 mM KCl, 4 mM MgCl2, 1 mM MgATP, and 
1 mM DTT] supplemented with 1% BSA (MB/BSA). The antibody-
coated coverslips were incubated with the proteins for 2 hours in 
a humidified chamber at 4°C. The coverslips were washed se-
quentially with MB/BSA and three times with MB before block-
ing with 0.5 μM unlabeled F-actin (5 min) and two final washes 
with MB. The coverslips were mounted on a 15-μl drop of 2 nM 
rhodamine-phalloidin–labeled actin in a modified MB [with 7.6 mM 
MgATP, 50 mM DTT, 0.5% methyl cellulose, glucose oxidase 
(0.1 mg/ml), catalase (0.018 mg/ml), and glucose (2.3 mg/ml)] in a 
small parafilm ring fixed on an alumina slide with vacuum grease. 
The chamber is observed with a temperature-controlled stage and 
the objective set at 32°C on an upright microscope with an image-
intensified charge-coupled device (CCD) camera capturing images 
to an acquisition computer at 5 to 30 frames per second depending 
on assay parameters. Movement of actin filaments in two to three 
fields per slide for 500 frames per field of continuous imaging was 
captured and analyzed with semiautomated filament tracking 
programs as previously described (71). The trajectory of every fila-
ment with a lifetime of at least 10 frames is determined; the instan-
taneous velocity of the filament moving along the trajectory, the 
filament length, the distance of continuous motion, and the dura-
tion of pauses are tabulated. A weighted probability of the actin 
filament velocity for hundreds of events was fit to a Gaussian distri-
bution and reported as the mean velocity and SD for each experi-
mental condition.

Negative stain head counting analysis
cHMM was first prepared by cross-linking with BS3 for 30 min at 
25°C under the following conditions: 2 μM cHMM, 50 μM mava-
camten (5% DMSO), 1 mM BS3, 1 mM EGTA, 1 mM ATP, 2 mM 
MgCl2, 56 mM KCl, and 10 mM Mops (pH 7.2). The reaction was 
then quenched with a 100 mM final concentration of tris (pH 8), 
preventing further cross-linking. Cross-linking was confirmed by SDS–
polyacrylamide gel electrophoresis (SDS-PAGE) analysis (fig. S6).

Negative stain grids were prepared using the flicking method 
(72) by applying 5 μl of cross-linked cHMM diluted fivefold in buf-
fer to a negative stain grid (produced in-house) glow-discharged 
for 30 s (PELCO easiGlow) prior to use. The excess HMM was then 
flicked off, and a drop of 2% uranyl acetate was applied. The excess 
was again flicked off, and the addition of a 2% uranyl acetate drop 
was repeated four times. Last, the grid was blotted with Whatman 
no. 42 ashless filter paper and dried. Negative stain image collection 
was performed using the FEI Tecan F20 equipped with an FEI CETA 
(CMOS CCD). Images were collected at 29,000× magnification at a 
defocus of −1 to −3 μm. Images were double blinded prior to count-
ing of open and IHM-like particles. Images were only included in 
the analysis if a minimum of 250 particles were detected within the 
image such that the sample size was sufficient to obtain 80% power 
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with a 95% confidence interval. Data were then plotted into box plots, 
and the significance in change between populations was calculated 
using a two-tailed Student’s t test in GraphPad Prism.

Cryo-EM grid preparation and data collection
Prior to cryo-EM grid preparation, cHMM was cross-linked with 
BS3 using the same protocol as for negative stain with altered buffer 
conditions: 2 μM cHMM, 50 μM mavacamten (5% DMSO), 1 mM 
BS3, 1 mM EGTA, 1 mM ATP, 2 mM MgCl2, 50 mM KCl, and 10 mM 
Mops (pH 7). Grids were prepared using the Vitrobot Mark IV 
(Thermo Fisher Scientific). Three microliters of the BS3 cross-linked 
cHMM diluted twofold in buffer was applied to an UltrAufoil R 
1.2/1.3 300-mesh gold grid (Quantifoil) for motor domain recon-
struction and a UC-A on Lacey 400-mesh Cu continuous carbon 
grid (Agar Scientific) for IHM reconstruction, and glow-discharged 
for 30 s at 10 mA prior to use (PELCO easiGlow). These different 
grid types were chosen to optimize for visualization of each confor-
mation, respectively. Thinner ice was obtained on gold grids, which 
largely occluded the IHM conformation, increasing the percentage 
of open head conformations observed within the cryo-EM images. 
Conversely, on the Lacey grid, an increase in the number of IHM 
particles was observed relative to open heads within the imageable 
areas. Grids were then blotted with Whatman no. 42 ashless filter 
paper (Agar Scientific, UK) for 1 s with a force of 6 and a wait time 
of 2 s at 8°C and 95% humidity before vitrification in liquid ethane. 
Data were collected on an FEI Titan Krios (Astbury Biostructure 
Laboratory, University of Leeds) operating at 300 kV equipped 
with a Falcon 4 direct electron camera with a specimen pixel size of 
0.82 Å. Micrographs were collected using EPU acquisition software 
at 96,000× magnification with a total dose of 43 e−/Å2 and a defocus 
range of −1.2 to −3.0 μm. Total micrographs for each reconstruc-
tion were MD 9948 over one session, MDmava 21,395 over two ses-
sions, and IHMmava 34,287 over three sessions.

Cryo-EM data processing and model building
MD and MDmava single motor domain image processing was carried 
out in RELION 4.0 (73) with subsequent processing in CryoSPARC 
v4.2 (74). Raw movies were imported into RELION for motion cor-
rection using MotionCor2 (75) and contrast transfer function (CTF) 
estimation using CTFFIND-4.1 (76). Automated particle picking 
was then performed using Topaz initially implementing the general 
model and then a trained Topaz (77) model on selected single motor 
domain two-dimensional (2D) classes; this was repeated for each 
dataset. Particles were extracted in a box size of 3602 pixels centered 
on individual motor domains. The resulting particles from both 
collections were then combined and classified using CryoSPARC 
reference-free 2D classification (74). Classes resembling single mo-
tor domains were selected for further classification. An initial mod-
el was generated using CryoSPARC’s ab  initio reconstruction into 
five classes. The resulting maps were then refined through heteroge-
neous, homogeneous, and finally nonuniform refinement (74, 78) 
on combined selected classes with a final particle stack of 88,809 
MD and 200,487 MDmava. The resulting map was then sharpened 
using a negative B-factor automatically determined by CryoSPARC, 
and local resolution estimation was calculated in CryoSPARC (74). 
IHMmava image processing followed the same pipeline, except that 
IHM 2D classes were selected to train a Topaz (77) model and only 
three ab initio (74) classes were used for initial model generation. A 
total of 197,869 particles contributed to the final map.

To interpret the cryo-EM maps, atomic models for the single 
motor domain and IHM were produced. Homology models for hu-
man βCM heavy and light chains were generated using the smooth 
muscle myosin shutdown structure (PDBID: 6Z47) (79). These 
models were then truncated at residue 796 (within the LCD) and 
flexibly fit to the single motor domain density using ISOLDE (38). 
Phenix real space refinement was then performed followed by ad-
justments in Coot (80) and ISOLDE (38); this was repeated until 
satisfied. The IHM model was then built using two MDmava motor 
domain models joined to the homology modeled LCD, S2, and light 
chains. The model was flexibly fitted into the IHM map by use of 
ISOLDE and refined using Phenix real space refinement with final 
adjustments in Coot (80) and ISOLDE (38).

qXL-MS sample preparation, measurement, data 
preparation, and analysis
Purified cS1 [25 μl; final concentration of 4 μM in 10 mM Mops 
(pH 7.3), 50 mM KCl, 1 mM MgCl2, 0.34 mM DTT, 1 mM EGTA, 
and 1 mM ATP] was incubated with 50 μM of mavacamten or DMSO 
control for 30 min at 25°C. DSBU (600 μM; 149 molar fold excess) 
was added, or DMSO control, and was allowed to react for 20 min 
at 25°C (final DMSO concentration of 1.6%, v/v). The reaction was 
quenched by the addition of tris (1 M, pH 7.3) to final concentration 
of 20 mM and incubation at room temperature for 15 min. Samples 
were flash frozen for storage prior to digestion. Cross-linking was 
confirmed by SDS-PAGE analysis (fig. S6).

Three replicates of both cross-linked and non–cross-linked con-
trol samples (≈14.5 μg) were processed for MS analysis using S-Trap 
micro spin columns (ProtiFi) as described previously (81). In brief, 
cross-linked samples were reduced by adding 20 mM DTT (10 min, 
50°C) and then alkylated with 40 mM iodoacetamide (30 min, 20°C). 
The samples were acidified by the addition of phosphoric acid 
to a final concentration of 5% and subsequently diluted with 
90% methanol in 100 mM triethylammonium bicarbonate (TEAB) 
(pH 7.1) (1:7, v/v, sample:buffer). The samples were then bound 
to an S-Trap micro spin column (ProtiFi). Subsequently, the column 
was washed three times with 90% methanol in 100 mM TEAB. A 
total of 1.44 μg of trypsin (Promega) was applied to the column, and 
digestion was then performed by incubating the S-Trap column 
at 47°C for 145 min. Peptides were recovered by washing the col-
umn sequentially with 50 mM TEAB (40 μl), 0.2% (v/v) formic acid 
(40 μl), and 50% acetonitrile/0.2% (v/v). The eluate was evaporat-
ed to dryness in a vacuum centrifuge, and the peptides were resus-
pended in 5% (v/v) acetonitrile/0.1% (v/v) formic acid (20 μl) prior 
to MS analysis.

Peptides, ≈10% of the final volume of each replicate, were ana-
lyzed on an Vanquish Neo LC (Thermo Fisher Scientific). Separation 
of peptides was performed using PepMap Neo C18 trap cartridge 
(Thermo Fisher Scientific, 174500) before using the EASY-Spray 
C18 column (Thermo Fisher Scientific, ES903). Elution of peptides 
from the column was achieved using a gradient elution of a 7.5 
to 42.5% (v/v) solvent B (0.1%, v/v, formic acid in acetonitrile) in 
solvent A (0.1%, v/v, formic acid in water) over 97.5 min at 250 nl 
min−1. The eluate was infused into an Orbitrap Eclipse mass spec-
trometer (Thermo Fisher Scientific) operating in positive ion mode 
using an EASY-Spray nanoelectrospray ionization source.

An online exclusion list was generated from the MS1 measure-
ment of a non–cross-linked control sample using the AcquireX AB 
workflow editor (Thermo Fisher Scientific application module) and 
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was applied when performing MS analysis of the cross-linked sam-
ples. Data acquisition was performed in data-dependent analysis 
mode, and fragmentation was performed using collision dissocia-
tion activation at higher energy, as previously reported (81), but 
with use of an online exclusion list, generated from the MS1 mea-
surement of a non–cross-linked control sample using the AcquireX 
AB workflow editor (Thermo Fisher Scientific application module).

The .RAW MS files produced were processed directly in FragPipe 
(v21.1) (82), without conversion to mzML, subject to a mass offset 
search using MSFragger (v4.0) (82) where default “Mass-Offset-
Common-PTMs” workflow was loaded and amended. False discov-
ery rate (FDR) at the protein/peptide/ion level was set to 1%, and 
tolerances for precursors/fragments were set to 10 parts per million 
(ppm). The generated calibrated mzML files were then taken for-
ward as the generated interact.pep.xml file.

MeroX (v2.0.1.4) in RISEUP mode was used to search the repli-
cate files individually for cross-links and monolinks (on residues K, 
S, T, and Y) against FASTA files for the cS1 construct and associated 
light chains as used for the MSFragger search, without the appended 
decoys and common contaminants from MSFragger. The search was 
performed with a 1.0% FDR and 50 score cutoff, precursor and frag-
ment ion precision of 10 ppm with signal to noise ratio of 2.0, pep-
tide length of 5 to 60 amino acids with up to five missed cleavage 
events, up to two methionine oxidation and two carbamidometh-
ylation variable modifications, trimethylation of lysine as a post-
translational modification (PTM), variable N-terminal methionine 
clipping, monolinks reacting with water and tris, intrapeptide cross-
link detection, and neutral loss of C4H7NO. In addition, three of the 
four DSBU reporter ion fragments needed to be present within the 
MS2 spectra to be included in the MeroX output.

The software package Skyline (83) (MacCoss Lab Software, 
v23.1.0.455) was used to quantify the cross-links and monolinks found 
by MeroX using a modified process laid out by Chen and Rappsilber 
(41) and since improved by Echeverri et al. (84) and separately 
by Jiang et al. (85). The six replicate MeroX search result .ZHRM 
files results were converted to the ProXL XML files as described by 
Riffle et al. (86). All cross-links and monolink peptides were manu-
ally curated, and all peaks of all transitions were manually inspected 
and aligned in Skyline to ensure that all three of the DMSO or mava-
camten replicates had well defined MS1 peaks with matching reten-
tion times and indicative Skyline MS2 signal, with quantitation based 
on MS1 total ion count. In addition, as it has been our experience that 
MeroX can inconsistently report some cross-links and monolinks 
across multiple charge states or those bearing PTMs, we performed 
manual searches in Skyline and validation in SeeMS (87) when a 
non–DSBU-labeled peptide was identified under such conditions, yet 
concomitant cross-linked or monolink peptides were not identified 
in the MeroX search.

Cross- or monolinks within peptides where DSBU is potentially 
labeled on different residues, e.g., peptides bearing multiple K, S, T, 
and Y residues, which coelute and for which no clear determination 
of chromatographic peak assignment could be made, were manually 
inspected using SeeMS. Where geometric isomeric cross-linked or 
monolinked peptides exhibited chromatographic separation, MS2 
spectra were inspected using SeeMS to assign the position of the 
cross-link using the reporter ion fragments. If no conclusive differen-
tiation of the position of reactive residue could be made, then the MS1 
signal was combined as if it was not chromatographically separated at 
baseline and the cross-link was assigned to the most reactive residue 

within the peptide (e.g., lysine, or where two lysines were present, the 
one that produced the most other cross-links or monolinks).

The signal intensity for each peptide for each replicate was nor-
malized, as described by Chen and Rappsilber (41), using the total 
non–DSBU-reacted signal intensity of each replicate. The interact.
pep.xml file from the MSFragger search was used to import the 
search of the six replicates into the Skyline file. Monolink signal in-
tensity was combined from peptides that contain the same mono-
linked residue regardless of peptide charge state or length. Similarly, 
cross-link signal intensity was combined from dipeptides that bear 
the same residue to residue cross-link. An aligned interpeptide 
cross-link, intrapeptide cross-link, or monolink was determined to 
have changed significantly in the presence or absence of mavacam-
ten by conducting pairwise comparisons via a single tailed, homosce-
dastic t test using relative signal intensity (data S2). The significance 
was measured by protein fold changes >2 and P < 0.05.

Supplementary Materials
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Figs. S1 to S15
Tables S1 to S5
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Movies S1 to S3
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