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Mutations in g-cardiac myosin, the predominant motor protein for
human heart contraction, can alter power output and cause car-
diomyopathy. However, measurements of the intrinsic force, ve-
locity, and ATPase activity of myosin have not provided a
consistent mechanism to link mutations to muscle pathology. An
alternative model posits that mutations in myosin affect the sta-
bility of a sequestered, super relaxed state (SRX) of the protein
with very slow ATP hydrolysis and thereby change the number of
myosin heads accessible to actin. Here we show that purified hu-
man fB-cardiac myosin exists partly in an SRX and may in part
correspond to a folded-back conformation of myosin heads ob-
served in muscle fibers around the thick filament backbone. Mu-
tations that cause hypertrophic cardiomyopathy destabilize this
state, while the small molecule mavacamten promotes it. These
findings provide a biochemical and structural link between the
genetics and physiology of cardiomyopathy with implications for
therapeutic strategies.

myosin | super relaxed state | interacting heads motif | cardiac inhibitor |
mavacamten

M uscle myosin is a hexamer consisting of two myosin heavy
chains and two sets of light chains, the essential light chain
(ELC) and the regulatory light chain (RLC). The myosin mol-
ecule can be divided into two parts, heavy meromyosin (HMM),
which consists of two globular heads and the first ~40% of the
coiled-coil tail, and light meromyosin (LMM), which consists of
the C-terminal ~60% of the coiled-coil tail. LMM self-assembles
creating the shaft of the myosin thick filament found in sarco-
meres of the muscle. HMM can be further divided into sub-
fragment 1 (S1), which is the globular head of the myosin that
serves as the motor domain (1), and subfragment 2 (S2).
S1 houses the ATP- and actin-binding sites followed by an ELC-
and RLC-bound o-helix (lever arm) (Fig. 14). S1 heads are
arranged on the thick filament backbone in muscle in a quasi-
helical fashion. There is a 14.3-nm vertical spacing between two
adjacent myosin molecules on the filament with a true repeat
of 42.9 nm.

Importantly, intramolecular interactions favoring a folded
state of myosin (Fig. 1B) have been observed in both purified
myosin preparations (2-6) and in myosin thick filaments isolated
from striated muscle (7-10). Named the “interacting-heads
motif” (IHM) (9), this structure has been proposed to be re-
lated to a super relaxed state (SRX) of muscle, defined as a state
that has a much reduced basal ATPase rate of ~0.003 s (11).
The SRX was initially discovered in rabbit skeletal muscle and
thereafter was also seen in rabbit cardiac, tarantula exoskeletal,
and mouse and human cardiac fibers (12-15). An appealing
hypothesis is that the SRX state is related to the IHM myosin
state in which the myosin S1 heads are interacting with one an-

WWww.pnas.org/cgi/doi/10.,1073/pnas. 1809540115

other and are folded back onto their own coiled-coil S2 tail (13,
16-19). Since the SRX state has been described only in fibers, it
is possible that other sarcomeric proteins in the vicinity of the
myosin are essential for establishing this state. There have been
no studies that directly demonstrate a structural corollary of the
SRX state with purified systems. Here we demonstrate bio-
chemically that a decrease of basal ATPase to the levels seen in
the SRX in fibers can be observed with purified human p-cardiac
myosin alone.

Hypertrophic cardiomyopathy (HCM) is an autosomal domi-
nant inherited disease of heart muscle (20-22) characterized by
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Cardiac muscle contraction is powered by ATP hydrolysis dur-
ing cycles of interaction between myosin-containing thick fil-
aments and actin-containing thin filaments. This generates
force in the cardiac muscle necessary for pumping blood
through the body. Mutations in myosin alter this force gener-
ation leading to hypercontractility and hypertrophic cardio-
myopathy (HCM). An energy-conserving, super relaxed state
(SRX) of myosin, which has a very low ATPase activity, has
previously been described in muscle fibers. Destabilization
of the SRX has been proposed to be a chief cause of HCM.
This work sheds light on the biochemical and molecular na-
ture of SRX and demonstrates the mechanism of action of
mavacamten, a cardiac inhibitor in phase 2 clinical trials.
Mavacamten exerts its effects primarily by stabilizing the SRX
of p-cardiac myosin.
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Fig. 1. Human B-cardiac myosin structural models. (A) PyMol homology
model of human p-cardiac myosin S1 in the prestroke state showing its
various domains. The ELC is in brown, and the RLC is in green. Modeling was
done as described previously (30, 45). (B) Structural models of the open on-
state and the closed IHM off-state of human p-cardiac myosin. The motor
domains are black (blocked head) and dark gray (free head), the ELCs are in
shades of brown, and the RLCs are in shades of green. The positions of
R403Q and R663H (blue) are shown in the IHM relative to the mesa residues
(45) (blocked head: light pink; free head: dark pink). Modeling was done as
described previously (30, 45).

hypercontractility and subsequent hypertrophy of the ventricular
walls. Systolic performance of the heart is preserved or even
increased, but relaxation capacity is diminished. Patients with
HCM are at increased risk of heart failure, atrial fibrillation,
stroke, and sudden cardiac death. Current pharmacological
management options are not disease specific and do not address
the underlying HCM disease mechanism. It has been hypothe-
sized that a small molecule that binds directly to myosin and
normalizes the hypercontractility of the sarcomere may inter-
rupt the development of downstream pathology (such as hyper-
trophy, fibrosis, and clinical complications) seen in this disease
(23). Mavacamten (formerly MYK-461; MyoKardia Inc.) is an
oral allosteric modulator of cardiac myosin and causes dose-
dependent reductions in left ventricular contractility in healthy
volunteers and HCM patients (24). This investigational drug is in
phase 2 clinical trials and acts directly by interacting with the
human f-cardiac myosin and normalizing its power output.
Mavacamten was identified in a screen for actin-activated myosin
ATPase inhibitors, and it lengthens the total cycle time (t.) of the
ATPase cycle (25). This results in a reduction of the duty ratio
(ts/tc) and therefore of the ensemble force, since Feps = fin-No-duty
ratio, where fj, is the intrinsic force of a myosin molecule and
N, is the total number of myosin heads in the sarcomere that
are functionally accessible for interaction with actin. Here we
show that mavacamten reduces N, by stabilizing purified hu-
man p-cardiac myosin in a state with a very slow release of bound
nucleotide (SRX, an off-state of myosin). Using the same purified
myosin, we then show by EM that mavacamtem also stabilizes a
folded-back structural state of the protein that is reminiscent of
the THM.

The first HCM-causing mutation in f-cardiac myosin to be
identified was R403Q (20). As with other HCM mutations, the
R403Q mutation results in hypercontractility of the muscle (26,
27). We provide evidence here that the R403Q mutation results
in a shift in the equilibrium toward an on-state of myosin and
away from an off-state. These may correspond to the open and
closed states shown in Fig. 1B. Such a shift in equilibrium would
result in more heads being available for interaction with actin
and the hypercontractility seen clinically. We see a similar phe-
notype in human cardiac samples with the HCM-causing R663H
mutation. We further demonstrate that mavacamten reverses the
destabilization of the SRX caused by these mutations.

A related and complementary body of work is described in
Rohde et al. (28).

E8144 | www.pnas.org/cgi/doi/10.1073/pnas. 1809540115

Results

Purified Human p-Cardiac Myosin Containing the Proximal S2 Portion
of Its Coiled-Coil Tail Is in an lonic Strength-Dependent SRX. To test
the hypothesis that the SRX observed in muscle fibers can be
observed with purified p-cardiac myosin, we studied the single-
turnover kinetics of myosin’s basal ATPase cycle for three pu-
rified human p-cardiac myosin constructs: 25-hep HMM (two-
headed with the first 25 heptads of proximal S2), 2-hep HMM
(two-headed with the first two heptads of proximal S2), and short
S1 (sS1; single-headed with no S2 and truncated immediately
after the ELC-binding domain, Fig. 14). These constructs fol-
lowed on the work of Trybus et al. (29) who showed that smooth
muscle myosin with at least 15 heptads of the S2 region can
achieve complete RLC phosphorylation regulation if it has a
leucine zipper after the S2 region. A 25-hep HMM without a
leucine zipper was not able to form a dimer completely and did
not show complete regulation. However, a 25-hep HMM with a
leucine zipper could form a stable dimer and showed complete
regulation. Thus, the smooth muscle work showed that a stable
dimer and at least 15 heptad repeats are essential for complete
regulation of two-headed smooth muscle myosin (29). Trybus
et al. (29) also showed that the 2-hep HMM of smooth muscle
myosin can form a dimer only if a leucine zipper is present in the
construct, and they confirmed this by native gels and EM images.
Our 25-hep HMM construct has a GCN4 leucine zipper to en-
sure dimerization and shows ATPase regulation by RLC phos-
phorylation, as reported in earlier work (30). The ATPase
activity of our 2-hep HMM, which again is stabilized as a dimer
by insertion of a GCN4 domain, is not regulated by RLC phos-
phorylation (30). Both constructs form dimers as judged by a
native acrylamide gel of 2-hep HMM (SI Appendix, Fig. S1) and
EM images of 25-hep HMM (see Fig. 3G).

The basal ATPase rates of the three constructs were all within
the range of 0.01-0.03 s™" (SI Appendix, Fig. S2), consistent with
high levels of actin activation of these human p-cardiac myosin
constructs [about 100-fold activation by actin (30, 31)]. SRX is
defined as a rate of nucleotide release from the myosin head that
is even slower, about 0.003 s™! (11).

To test the percentage of heads in the SRX for the three
constructs, we adapted the single-nucleotide turnover assay,
which is typically measured in a stopped-flow apparatus, to a
plate-based measurement. The slow rates of normal myosin basal
ATPase and the SRX-based nucleotide release make them
amenable to a plate-based measurement. Moreover, owing to the
difficulties in expressing high amounts of human cardiac pro-
teins, the plate-based assay is an apt choice for this kind of ex-
periment. This assay measured the fluorescent nucleotide release
rates by loading the myosin heads with 2'/3’-O-(N-Methyl-
anthraniloyl) (MANT)-ATP and then chasing with excess un-
labeled ATP, as had been done in skinned fibers previously (11).
As the MANT nucleotide is released from the myosin, its fluo-
rescence decreases (11).

The decay rate of MANT-nucleotide fluorescence for 25-hep
HMM was fit well by two exponential rate constants, one rep-
resenting a basal ATPase rate of heads in a presumed open state
(disordered relaxed state, DRX) of ~0.03 s7! and the other
representing an SRX rate of ~0.003 s™' (Fig. 24). In 100 mM
potassium acetate (KAc), the amplitudes were 74 + 2% of the
basal DRX rate and 26 + 2% of the SRX rate (Fig. 2B). This
SRX level measured for the 25-hep HMM did not vary signifi-
cantly from preparation to preparation, and we hypothesized
that this fraction corresponded to myosin heads that are folded
back onto their own proximal S2 tail, possibly in an IHM-like
structural state (Fig. 2C). Consistent with this hypothesis, the
fraction of myosin heads in the SRX increased from 26 + 2% to
42 + 2% (P < 0.01) when the KAc was decreased from 100 mM
to 25 mM and further increased from 26 + 2% to 59 + 7% (P <
0.05) when the salt was decreased from 100 mM to 5 mM KAc
(Fig. 2B). This would be expected since the IHM structure is
thought to be held together largely by charge—charge interactions
(9, 30, 32-34). The amplitudes of the fast (74 + 2%) and slow

Anderson et al.
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Fig. 2. MANT-nucleotide release rates for purified human p-cardiac myosin fragments. (A, D, and G) Fluorescence decays of MANT-nucleotide release from
25-hep HMM, 2-hep HMM, and sS1, respectively, in 25 mM KAc (solid black curves). Fitting the traces to a double-exponential equation yielded the DRX and
SRX rates of 0.040 and 0.0050 s~' for 25-hep HMM, 0.021 and 0.0033 s~ for 2-hep HMM, and 0.031 and 0.0057 s~ for sS1. The simulated single-exponential
orange dashed curves are the SRX rate (0.003-0.005 s7"), and the simulated single-exponential dashed olive green curves are the DRX rate (0.02-0.04 s7"). The
simulated orange and olive green dashed curves act as references for the single exponential fits of slow and fast phases, respectively, that derive from fitting
the solid black data curves with the best two exponential fits. Thus, the data (black lines) were fit with a combination of these two single exponentials. (B, E,
and H) Percentage of myosin heads in the SRX (orange) versus DRX (olive green) states calculated from the amplitudes of the double-exponential fits of the
fluorescence decays corresponding to the MANT-nucleotide release from the 25-hep HMM, 2-hep HMM, and sS1 constructs at various KAc concentrations. The
25-hep and 2-hep data are from three measurements each. The measurements come from three individual protein preparations done on different days.
sS1 data have three, five, and four measurements at 5, 25, and 100 mM KAc, respectively. The measurements come from three individual protein preparations
done on different days. (C) Homology model of folded-back human p-cardiac 25-hep HMM (MS03, https:/spudlab.stanford.edu/homology-models/, showing
only 13 heptad repeats of the S2) in equilibrium with an open on-state. (F) The 2-hep HMM (from MS03) in equilibrium with an open on-state. (/) The
homology-modeled blocked head from the MSO03 structure in equilibrium with the sS1 DRX structure from HBCprestrokeS1, downloadable at https:/spudlab.
stanford.edu/homology-models/. These two structures represent the two potential relaxed ATP- and/or ADP.Pi-bound states of the human p-cardiac myosin
heads. The white arrows illustrate the different directions in which the light chain-binding regions point in the SRX vs. DRX states, where all alignmentsin C, F,
and / are the same. Error bars denote SD. N.S., not significant, P > 0.05; *P < 0.05; **P < 0.01.

(26 + 2%) phases observed with the human f-cardiac 25-hep  One possible explanation of this result is that ~15% of the

HMM at 100 mM KAc closely match the amplitudes observed in
SRX experiments done with rabbit cardiac fibers (~70% fast and
~30% slow at 120 mM KAc) (13). There was no demonstrable
photobleaching of the MANT nucleotide over the single-
turnover data-collection time scales (SI Appendix, Fig. S3).

It is important to emphasize that SRX is defined as an off-
state of myosin with a very low ATPase turnover rate and that
our data do not establish that the off-state we are measuring is
due to the IHM structural state. In this regard, the 2-hep HMM,
which contains only two heptad repeats of the S2 tail, still
showed 19 + 3% SRX in 5 mM KAc (Fig. 2 D and E), but the
difference in fractions of SRX at different KAc concentrations
was not statistically significant (P > 0.05). It is possible that some
IHM-like structure is still formed and that blocked head inter-
actions with the free head help stabilize this level of SRX in the
2-hep HMM (Fig. 2F). However, our finding of a similar level of
SRX (~15%) in our sS1 preparations (Fig. 2 G and H) suggests
an alternative explanation. It is important to note that myosin
molecules in solution in any nucleotide state are likely to exist in
a number of closely related conformational states in equilibrium.

Anderson et al.

population of independent sS1 molecules in solution exist in a
conformation that is similar to that stabilized in a folded off-state
structure (Fig. 2I) in equilibrium with DRX heads (prestroke
heads having ATP or ADP.Pi bound). We hypothesize that in the
context of the 25-hep HMM this conformation favors the in-
teractions with the proximal S2 and other head-head interac-
tions that define an SRX-IHM state. Thus, our working
hypothesis is that myosin heads can occupy an SRX without
entering a folded state directly, but the SRX conformation of
myosin heads is further stabilized by intramolecular interactions
in an SRX-THM. This idea gains strength by the mavacamten
experiments described below.

To ensure that we were not missing any fast phase in our plate-
based measurements, we performed the similar measurement
with sS1 in a stopped-flow apparatus. The rates and amplitudes
obtained were very similar to our plate-based measurements (S
Appendix, Fig. S4).

These results suggest that purified myosin can adopt a bio-
chemical SRX that is stabilized by the S2 tail, especially under
low ionic strength conditions that favor electrostatic interactions.

PNAS | vol. 115 | no.35 | E8145
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These results directly link a folded structural state (possibly the
IHM state seen by others) with the biochemical SRX using pu-
rified human p-cardiac myosin.

The Cardiac Myosin Inhibitor Mavacamten Stabilizes the SRX Folded-
Back State of Purified Human g-Cardiac Myosin. Using the MANT-
nucleotide release rates as a measure of the level of SRX in the
population, we examined whether the cardiac myosin inhibitor
mavacamten has any effect on the distribution of ATPase states
in the population of purified human p-cardiac myosin constructs.
Mavacamten was selected on the basis that it inhibits the actin-
activated activity of sS1 (25), but the mechanism of that in-
hibition is unknown. Here we show that it has a profound effect
on stabilizing the SRX. Mavacamten induced a 20-fold reduction
in the basal ATPase rate of the 25-hep HMM (SI Appendix, Fig.
S2A). In the single-nucleotide turnover assay, in the presence of
10 pM mavacamten, the MANT-nucleotide release rates from
25-hep HMM at 25 mM KAc were fit well by a single exponential
with a rate constant reflecting the SRX (SI Appendix, Table S1).
At both 25 mM KAc (Fig. 3 A and B) and 100 mM KAc (S
Appendix, Fig. S5 and Table S2) essentially ~100% of the myosin
heads were in the SRX in the presence of mavacamten. In the
absence of mavacamten, the fraction of 25-hep HMM in the
SRX was ~42% at 25 mM KAc (Figs. 2B and 3B) and ~26% at
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100 mM KAc (Fig. 2B). The effect of mavacamten on 2-hep
HMM was less pronounced (Fig. 3 C and D), consistent
with a role for the proximal S2 in stabilizing the SRX.
However, 40-50% SRX was observed in the presence of
mavacamten, suggesting either that the heads can interact with one
another to some extent in the absence of proximal S2 and this is
stabilized by mavacamten binding (shifting the equilibrium to the
left in Fig. 2F) or that mavacamten stabilizes the SRX confor-
mation of sS1 in equilibrium with DRX heads (e.g., shifting the
equilibrium to the left in Fig. 2I).

Indeed, mavacamten increases the SRX levels of sS1 to nearly
that of the 2-hep HMM (Fig. 3F vs. Fig. 3D). Mavacamten in-
creased the SRX levels of 2-hep HMM to 48 + 4% and sS1 to
40 + 4%, which are not significantly different (P > 0.05). This is
also reflected in a reduction of the basal myosin ATPase of the 2-
hep HMM and sS1 constructs by the drug (SI Appendix, Fig. S2 B
and C). Thus, we think it likely that the binding of mavacamten
to sS1 alone stabilizes an SRX off-state, which is favored to fold
into a more stabilized off-state structure, possibly the IHM state
(81 Appendix, Fig. S6). Kawas et al. (35) reported no difference
in the ICs( of mavacamten for S1, HMM, or myofibrils of bovine
or human background and reported it to be in the range of 0.5
1 pM. The concentration of mavacamten used in the single-
turnover assays was 10-fold higher than these reported ICss.

OPEN

FOLDED

Percentage

+ Mava

- Mava

Fig. 3. MANT-nucleotide release rates and percentage of folded states for purified human p-cardiac myosin fragments with and without mavacamten. (A, C, and
E) Fluorescence decays of MANT-nucleotide release from 25-hep HMM, 2-hep HMM, and sS1 in 25 mM KAc with (blue curve) and without (black curve) mava-
camten. Fitting the traces with mavacamten to exponential equations yielded the DRX and SRX rates of 0.014 and 0.0021 s~ for 2-hep HMM and 0.035 and 0.0032
s~ for sS1. The SRX rate for 25-hep HMM was 0.0017 s~". The simulated orange and olive green dashed curves act as references for the single exponential fits of
slow and fast phases, respectively, that derive from fitting the solid black data curves with the best two exponential fits. (B, D, and F) Percentage of myosin heads
in the SRX (orange) versus DRX (olive green) states with and without mavacamten calculated from the double-exponential fits of the fluorescence decays cor-
responding to the MANT-nucleotide release from 25-hep HMM, 2-hep HMM, and sS1 at 25 mM KAc. The 25-hep and 2-hep data with and without mavacamten
are from three measurements each. The measurements come from three individual protein preparations done on different days. sS1 data have three mea-
surements with mavacamten and five measurements without mavacamten. The measurements come from three individual protein preparations done on dif-
ferent days. (G) Representative single-particle negatively stained EM images of the open and closed forms of the 25-hep HMM. Both the open and closed
molecules were selected from a sample containing mavacamten cross-linked to 25-hep HMM at 25 mM KAc. (H) Percentage of 25-hep HMM molecules in the
closed or open form in the presence and absence of mavacamten. A total of 622 and 183 molecules were counted for the with-mavacamtem and without-
mavacamten samples, respectively. Ten micromolars mavacamten was used for single-turnover assays and 10 pM MYK-3046 (cross-linkable mavacamten) was used
for EM imaging. Error bars denote SD. **P < 0.01; ***P < 0.001.
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Thus, these assays were performed in the saturating regime of
mavacamten, and we believe there is no artifact arising from the
differential ~ binding of  mavacamten to  different
myosin constructs.

We used EM to provide evidence that the SRX observed with
25-hep HMM corresponds to folded-back (closed) heads. Fig.
3G shows representative images of folded-head structures (Up-
per) and open-head structures (Lower). After coupling the 25-
hep HMM to a mavacamten analog containing a photo-
activatable cross-linker, folded-head structures dominated the
images, while the reverse was true in the absence of the mava-
camten derivative (DMSO control) (Fig. 3H). Less than 20% of
the myosin molecules were in a folded-head state in the absence
of mavacamten, and ~60% were in a folded-head state in the
presence of mavacamten (Fig. 3H). The discrepancy between the
fraction of closed-state myosin heads in the EM study (~60%)
and the fraction of SRX in the ATP turnover experiments
(100%) is most likely due to well-known perturbation effects of
the EM approach. Thus, interactions between the carbon sub-
strate and the myosin tends to destabilize the folded-back
structural state (6; see also refs. 36-40). Some groups have
used a low concentration of glutaraldehyde to stabilize the
folded state before grid preparation; we did not use glutaralde-
hyde or other cross-linking agents in our EM studies. These re-
sults more firmly link a folded-head state, possibly the IHM
structural state, with a stabilized SRX.

>
o]

The Cardiac Myosin Inhibitor Mavacamten Stabilizes an SRX Folded
State of Porcine and Human Cardiac Muscle Fibers. To examine
whether the effects of mavacamten on purified myosin translate
to an increase in the level of SRX in cardiac fibers, we carried
out MANT-nucleotide release analyses on skinned fibers from
relaxed minipig cardiac muscle. Mavacamten increased the
percentage of the SRX in the porcine fibers from 26 + 2% to
38 + 1% (P < 0.001) (Fig. 4 A and B and SI Appendix, Table S3
for rates). There was a corresponding decrease in tension mea-
sured in skinned porcine cardiac muscle fibers exposed to
mavacamten from 14.4 + 0.7 mN/mm? to 6.6 + 0.7 mN/mm?
[negative logarithm of calcium concentration (pCa) 5.8] (P <
0.0001) (Fig. 4C). A similar mavacamten-mediated SRX stabi-
lization effect was observed for WT human cardiac fibers.
Mavacamten increased the SRX in the human fibers from 25 +
2% t0 46 + 3% (P < 0.0001) (Fig. 4 D and E and see SI Appendix,
Table S4 for rates). Photobleaching of the MANT nucleotides
was measured for the fiber-based SRX experiments and was
found to be negligible (~0.5%) (12).

To examine the spatial organization of the myosin heads, we
used low-angle X-ray diffraction of porcine cardiac muscle fibers,
which reveals information about the degree of order of the
myosin heads along the myosin thick filaments as well as their
proximity to the actin thin filaments. A representative low-angle
X-ray diffraction image of a porcine cardiac muscle fiber shows
the typical quasihelical diffraction pattern known for striated
muscle (Fig. 5).
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Fig. 4. Effect of mavacamten on WT porcine and human cardiac fibers. Blue and dark gray curves denote experimental conditions with and without
mavacamten, respectively. (A) SRX measurements with skinned cardiac fibers from WT pigs in the presence and absence of mavacamten. Fitting the traces to a
double-exponential equation yielded the DRX and SRX rates of 0.043 and 0.0023 s~ for porcine cardiac fibers in the absence of mavacamten and 0.036 and
0.0010 s~" for porcine cardiac fibers in the presence of mavacamten. The simulated orange and green dashed curves act as references for the single expo-
nential fits of slow and fast phases, respectively, that derive from fitting the solid blue and black data curves with the best two exponential fits. (B) Percentage
of SRX detected in the porcine cardiac fibers with and without mavacamten. n = 10 unpaired measurements. (C) Maximum tension measurement in the
skinned porcine cardiac fibers in the presence (1 pM) and absence of mavacamten. One pair of measurements was made per fiber; n = 8 paired measurements.
Dashed lines represent a paired dataset with open circles. Solid circles denote the mean. (D) SRX measurements with skinned cardiac fibers from human hearts
in the presence and absence of mavacamten. Fitting the traces to a double-exponential equation yielded the DRX and SRX rates of 0.046 and 0.0058 s~' for
human cardiac fibers in the absence of mavacamten and 0.057 and 0.0032 s~' for human cardiac fibers in the presence of mavacamten. (E) The percentage of
SRX in human cardiac fibers in the presence and absence of mavacamten. Fifty micromolars mavacamten was used for the fiber SRX assays. n = 9
unpaired measurements. Error bars for all measurements denote SD. ***P < 0.001; ****P < 0.0001.
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Mavacamten causes a dramatic ordering of myosin heads
along the backbone of the thick filaments as observed by the
substantial increase in the myosin-based helical layer line re-
flections for both relaxed (Fig. 54 vs. Fig. 5B, arrows) and con-
tracting (Fig. 5F vs. Fig. 5G, arrows) porcine muscle fibers. The
first myosin layer line (MLL1) intensity at 43 nm (Fig. 5 B and G,
white arrows) increased about 40% with mavacamten treatment
(MLL1, pava/MLL1 _ava = 1.37 £ 0.13). While it is not known
whether there is a correlation between the amount of ordered
heads along the thick filament backbone and the ATPase kinetic
state of the myosin heads, if we assume that only myosin heads in
the SRX give rise to layer lines, a 40% increase in MLL1 in-
tensity would imply 17 + 6% more heads in the SRX. A prom-
inent reflection is the M3 reflection on the meridian, which
reports on the 14.3-nm repeat of the myosin heads along the
longitudinal shaft of the thick filament in the relaxed state (Fig.
5C). The higher the intensity of this reflection, the more ordered
are the heads along this 14.3-nm repeat. When the diffraction
pattern of the relaxed muscle in the absence of mavacamten (Fig.
5A) is subtracted from the diffraction pattern in the presence of
mavacamten (Fig. 5B), the difference (Fig. 5C) shows that the
intensity of the M3 reflection is significantly increased by the
addition of mavacamten (P < 0.05). This is quantified in Fig. 5D
where the results from 13 fibers are shown. An even more dra-
matic increase in the M3 reflection is seen when mavacamten is
added to contracting fibers (P < 0.05) (Fig. 5 F-I). Thus, for both
relaxed and contracting fibers, mavacamten increases the qua-
sihelical order of myosin heads on the thick filament backbone.

The 1,1 and 1,0 reflections on the equator provide information
on the number of myosin heads that have moved away from the

- ;[::l 3900
- Mava~, B

myosin thick filaments toward the actin thin filaments. The 1,1
lattice planes include the actin filament densities, while the 1,0
lattice planes include only the myosin thick filament densities.
Thus, an increase in the intensity of the 1,0 reflection shows
that more myosin heads have been sequestered near the shaft
of the thick filaments, and the I, 1/I; ¢ intensity ratio is reduced.
As seen in Fig. 5 C and H, mavacamten causes an increase in the
1,0 reflection intensity. Furthermore, Fig. 5 E and J show that the
I, 1/1; o intensity ratio is reduced (P < 0.0001) by mavacamten in
both relaxing and contracting conditions, suggesting that it causes
more heads to become sequestered against the LMM backbone of
the myosin thick filament.

In the discussion above, the SRX is defined by the fraction of
MANT nucleotides that are released slowly from the fiber in a
chase experiment. However, not all MANT nucleotides bind
specifically to myosin in the fibers, and this complicates in-
terpretation of the SRX signal. Hooijman et al. (13) showed that
only 48 + 3% of the MANT nucleotides are bound specifically to
myosin in rabbit cardiac cells. Thus, when the nonspecific frac-
tion is subtracted from the signal the calculated population of
the myosin heads in the SRX is approximately twice the pop-
ulation calculated from the observed SRX signal. We will call
this the “SRX,1c.”

Thus, the population of the SRX,. in porcine cardiac cells goes
from 54 + 4% to 79 + 2% upon the addition of mavacamten. This
is an increase of 25%, compatible with the 17% increase observed
in the small-angle X-ray fiber diffraction experiment. The
DRX a1, calculated as 1 — SRX ¢, goes from 46 + 4% to 21 +
8%, a decrease of 41%. This is almost exactly equal to the 46%
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Fig. 5. Effect of mavacamten on ordering of myosin heads onto the thick filaments in WT porcine fibers. One pair of measurements was made per fiber for

all fiber diffraction experiments. Solid circles denote the mean. (A-C) Diffraction patterns of WT porcine fibers under relaxing conditions (pCa 8) without and
with mavacamten and the difference in intensities. Color scales indicate increases in intensity. (D) Mavacamten increases the intensity of the meridional
reflection M3 under relaxing conditions; n = 13 paired measurements. (E) Mavacamten decreases the equatorial intensity ratio, 14,1/1,0, under relaxing con-
ditions. The intensity ratio (l1,1/11,0) is the ratio of the integrated intensity of the 1,1 equatorial reflection arising from density in the plane containing both
thick and thin filaments to that of the 1,0 equatorial reflection arising from density in the plane containing only thick filaments (72). Changes in the ratio I, 4/
11,0 are commonly used as a measure of shifts of mass, presumably cross-bridges, from the region of the thick filament to that of the thin filament; n =
20 paired measurements. (F-H) Diffraction patterns of WT porcine fibers under contracting conditions (pCa 4) without and with mavacamten and the dif-
ference in intensities. Color scales indicate increases in intensity. (/) Mavacamten increases the intensity of the meridional reflection M3 under contracting
conditions; n = 4 paired measurements. (J) Mavacamten decreases the equatorial intensity ratio, l1,1/1,0, under contracting conditions. n = 11 paired mea-
surements. In D, E, I, and J, blue and black colors denote experimental conditions with and without mavacamten, respectively. Dotted lines represent a paired
dataset with open circles. Error bars for all|measurements denote SD. *P < 0.05; ****P < 0.0001.
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decrease in tension, showing that, as expected, tension is pro-
portional to the fraction of disordered myosin heads.

The level of SRX,, in cells without mavacamten (54%) is
similar to that of 25-hep HMM in low ionic strength (Fig. 2B),
despite the higher ionic strength (120 mM KAc) used in the
tissue experiments. This suggests that the SRX in cells is more
stable than in purified protein preparations, consistent with the
greater number of interactions that stabilize the IHM, including
those with the thick filament backbone and additional proteins
such as MyBP-C.

In both porcine and human cardiac cells SRX,c goes to ~80—
95% upon the addition of mavacamten. This is similar to that
with purified 25-hep HMM, which is ~100% in both 25 mM KAc
(Fig. 3 A and B) and 100 mM KAc (SI Appendix, Fig. S5).

These structural results, combined with the studies with purified
human f-cardiac myosin described above, are consistent with
mavacamten shifting the on—off state equilibrium toward the off-
SRX folded-back state, which in muscle fibers is more ordered
near and along the backbone of the myosin thick filament.

The Hypertrophic Cardiomyopathy Mutations R403Q and R663H
Reduce the Level of SRX in Cardiac Muscle Fibers. To better char-
acterize the effects of mutations that cause HCM on cardiac
structure and function, we generated a large-animal model of
HCM in the Yucatan minipig (Methods and SI Appendix, Fig.
S7). We generated a minipig (designated as “R403Q pigs”) that
carries the heterozygous MYH7 R403Q mutation, which has
been well characterized in mice and humans (20, 41).

Analysis of RNA from R403Q hearts at 2 mo of age confirmed
the expression of mutant transcript at a ratio of ~1:1 [47.9 + 0.6
(mutant):52.1 + 0.6 (WT)]. This ratio was similar throughout the
left ventricle (samples from anteroseptum, basal septum, basal
free wall, and apex). This is consistent with semiquantitative
mass spectrometry (MS Bioworks, LLC; see Methods) performed
on left ventricular biopsy samples of R403Q hearts at 3 mo of
age, which identified R403Q and WT peptides at an ~1:1 ratio
[53% (mutant): 47% (WT)] (SI Appendix, Table S5). The R403Q
piglets rapidly developed an in vivo phenotype with hyper-
contractility and hypertrophy consistent with HCM (42-44).

When SRX levels in cardiac fibers from the R403Q pigs were
compared with those in fibers from the WT pigs, strikingly, the
R403Q mutation caused a significant decrease in the percentage
of SRX in the porcine fibers, from 26 + 2% to 16 + 2% (P <
0.01) (compare Fig. 6 A and B with Fig. 4 A and B and see SI
Appendix, Table S3 for rates). This result supports the hypothesis
that myosin HCM mutations cause clinical hypercontractility by
shifting the equilibrium from the closed off-state (SRX) to the
open on-state in which the heads are free to interact with actin
(30, 32, 45-47). The addition of mavacamten to the R403Q fi-
bers returned the percentage of SRX back to the normal WT
level (30 = 3%, P < 0.01) (Fig. 6B) and also reduced tension
from 14.9 + 0.7 mN/mm? to 8.1 + 0.6 mN/mm? (pCa 5.8, P <
0.0001) (Fig. 6C). The physiologically relevant pCa range for
tension development in the heart is from ~10~’ M Ca** to ~107°
M Ca?" (red shaded area in SI Appendix, Fig. S8) (48), where the
R403Q mutation induces hypercontractility and mavacamten
reduces it toward normal (light blue to dark blue shaded area in
SI Appendix, Fig. S8).

Treatment of R403Q skinned porcine fibers with mavacamten
caused an increase in ordering of myosin heads along the back-
bone of the myosin thick filament, as judged by an increase in the
myosin-based helical layer lines (Fig. 6F, black arrows) and the
intensity of the M3 reflection (Fig. 6E, white arrow), consistent
with a shift in equilibrium toward the myosin SRX folded-back
off-state (Fig. 6 D and E). This mavacamten-dependent increase
in the intensity of the M3 reflection was observed under relaxing
conditions. Such an intensity change was difficult to quantify for
the R403Q fibers under contracting conditions. Mavacamten also
caused a significant decrease in the I, 4/I; ¢ intensity ratio of the
R403Q fibers (P < 0.001) (Fig. 6 E-G), further supporting a shift
in equilibrium toward the myosin SRX folded-back off-state more

Anderson et al.

closely associated with the backbone of the myosin thick filament.
This effect was quantified for the R403Q fibers under both
relaxing and contracting conditions.

We also studied the impact of mavacamten on the SRX in a
known human pathogenic HCM mutation, MYH7 R663H, with
fibers isolated from human cardiac tissue. R663H had an SRX
level of 18 + 4%, and the addition of mavacamten to these fibers
restored the SRX levels to 40 + 8% (P < 0.05), which is similar to
the WT level (Fig. 6 H and I and see SI Appendix, Table S4 for
rates). SRX in WT human cardiac fibers was 25 + 2%, which was
reduced to 18 + 4% with the R663H mutation (P = 0.1). These
changes are similar to those observed with the R403Q porcine
samples and suggest that HCM mutations in myosin destabilize
SRX in both pigs and humans.

Discussion

Over the past five decades our understanding of muscle physi-
ology, biochemistry, and biophysics has greatly advanced. While
not complete, we have a good understanding of the way many of
the most important sarcomeric proteins function and their roles
in muscle contractility. Now focus is shifting to understanding the
molecular basis of disease states of these proteins and modern
therapeutic approaches that can be applied to them. This study
focuses on HCM mutations that cause hypercontractility of the
heart and a small molecule, mavacamten, which resets this
hypercontractility to normal.

Recent studies using human f-cardiac myosin support the view
that many, if not most, myosin missense HCM mutations cause
the hypercontractility observed clinically by shifting an equilib-
rium between a sequestered off-state of myosin heads to their
on-state now able to interact with actin (30-32, 45, 46, 49-51).
The majority of these mutations are highly localized to three
surfaces of the myosin molecule: the converter domain (Fig. 14)
(32, 50), a relatively flat surface named the “myosin mesa” (Fig.
1B) (46), and the proximal part of S2 that interacts with the
S1 heads in the IHM (Fig. 1B) (30-32, 45, 49-51).

While equating the folded-back structural SRX state studied
here with the IHM state described by others will require further
structural studies, the realization that the myosin mesa of the two
S1 heads in the IHM are in fact cradling the proximal S2 in the
IHM structural state (Fig. 1B) was striking (30, 31), as were the
observations described above that the hot spots for HCM mu-
tations all lie in locations that would potentially weaken an IHM
structure. The mesa is highly enriched in HCM mutations in
positively charged Arg residues (46), whereas the proximal S2 is
highly enriched in HCM mutations in negatively charged Glu
and Asp residues (50), and the converter HCM mutations are all
in a position to potentially disrupt the IHM at a primary head—
head interaction site (PHHIS) involving a particular surface of
the blocked head of the IHM and the converter of the free head
(30, 32, 51). We conclude that it is a reasonable hypothesis that
myosin missense HCM mutations weaken an SRX folded-back
state, resulting in more functionally accessible myosin heads for
actin interaction, thus causing the hypercontractility observed for
HCM clinically.

In support of this model, several positively charged mesa HCM
residues—R249Q, H251N, and R453C—significantly weaken the
binding of proximal S2 to sS1 in biochemical experiments with
purified myosin fragments, and D906G on the proximal S2 that
is near the interface with the mesa in the human p-cardiac myosin
folded-back homology models has the same effect (30, 31).
Interestingly, R403Q has no effect on the affinity of S2 for sS1
(30), while here we show that it reduces the amount of SRX in
muscle fibers.

So what is R403Q doing at the molecular level? R403Q is in a
unique position on the myosin surface, residing at the tip of a
pyramid of the IHM structure formed by three interacting faces:
the actin-binding face, the mesa, and the PHHIS (30, 45).
R403Q does not seem to have a significant effect on actin in-
teraction (52), but it could be weakening the complex by weak-
ening the interaction of the blocked head PHHIS with the free
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Fig. 6. Mavacamten stabilizes the SRX in porcine and human cardiac fibers carrying HCM mutations. Blue and dark gray denote experimental conditions with
and without mavacamten, respectively. (A) SRX measurement with skinned cardiac fibers from R403Q pigs in the presence and absence of mavacamten.
Fitting the traces to a double-exponential equation yielded the DRX and SRX rates of 0.030 and 0.0024 s~ for R403Q porcine cardiac fibers in the absence of
mavacamten and 0.033 and 0.0025 s~ for R403Q porcine cardiac fibers in the presence of mavacamten. The green and orange curves are simulated single-
exponential fits of fast and slow phase, respectively. (B) Percentage of SRX detected in the R403Q porcine cardiac fibers with (n = 8 measurements) and
without (n = 10 measurements) mavacamten. One measurement was made per fiber. (C) Maximum tension measurement in the skinned cardiac fibers from
R403Q pigs in the presence (1 uM) and absence of mavacamten. One paired measurement was made per fiber; n = 9 paired measurements. Dotted lines
represent a paired dataset with open circles. Solid circles denote the mean. (D) Mavacamten increases the intensity of the meridional reflection M3 under
relaxing conditions. One paired measurement was made per fiber for all fiber diffraction experiments. Dotted lines represent a paired dataset with open
circles. Solid circles denote the mean. n = 6 paired measurements. (E, Upper) Diffraction patterns of R403Q porcine fibers under relaxing conditions (pCa 8)
without and with mavacamten and the difference in intensities. (Lower) Diffraction patterns of R403Q porcine fibers under contracting conditions (pCa 4)
without and with mavacamten and the difference in intensities. Color scales indicate increases in intensity. (F) Mavacamten decreases the equatorial intensity
ratio, 11,1/1,0, of R403Q porcine fibers under relaxing conditions; n = 21 paired measurements. (G) Mavacamten decreases the equatorial intensity ratio, I4,1/1,0,
of R403Q porcine fibers under contracting conditions; n = 7 paired measurements. (H) SRX measurements with skinned cardiac fibers from R663H human
hearts in the presence and absence of mavacamten. Fitting the traces to a double-exponential equation yielded the DRX and SRX rates of 0.050 and 0.0038 s~
for R663H human cardiac fibers in the absence of mavacamten and 0.060 and 0.0037 s~ for R663H human cardiac fibers in the presence of mavacamten. (/)
The percentage of SRX with and without mavacamten in the R663H human cardiac fibers. Fifty micromolars mavacamten was used for the fiber SRX and
diffraction experiments. One measurement was made per fiber; n = 4 unpaired measurements. Error bars for all measurements denote the SD. *P < 0.05;
**P < 0.01; ***P < 0.001; ****P < 0.0001.
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head converter (30, 45). Arg403 is also in a position to possibly
bind to part of MyBP-C (30, 45), and the R403Q mutation may
weaken a MyBP-C-SRX complex and in this way shift the
equilibrium away from the SRX in fibers.

Similarly, it is not known which of these various interactions
the mesa HCM mutation R663H is affecting, but we show here
that it reduces the level of SRX in fibers. Biochemical experi-
ments involving the effects of R403Q and R663H on the inter-
actions between these human p-cardiac sarcomeric protein
players will be necessary to elucidate the molecular mechanism
by which these mutations reduce the SRX in the fiber.

The small molecule mavacamten, a cardiac inhibitor in phase
2 clinical trials, decreases contractility and suppresses the devel-
opment of hypertrophy and fibrosis in HCM mouse models (25).
How does this molecule affect the detailed structure of the myosin
active site? The presence of ATP or ADP.Pi analogs in the active
site of myosin causes the switch elements to adopt a closed state,

E8150 | www.pnas.org/cgi/doi/10.1073/pnas. 1809540115

which in turn has been inferred to stabilize the helical order of the
thick filament (53-55). Blebbistatin, a small-molecule ATPase in-
hibitor, stabilizes a closed switch-2 state and also has been shown by
EM (56) and fluorescence-based studies (57) to stabilize the THM
state of myosin. Conversely, omecamtiv mecarbil, a cardiac acti-
vator in phase 3 clinical trials, has been shown to stabilize the open
state of myosin on the cardiac thick filament (57). Along similar
lines, mavacamten has been previously shown to reduce the basal
release rates of ADP and Pi (35), possibly by holding the switch
elements in a closed state, which ultimately stabilizes the myosin
heads in an SRX folded-back state. The high-resolution detailed
structural basis of formation of this SRX folded-back state, pre-
sumed to be an SRX-IHM state, is an intriguing open question in
the field. It is crucial now to obtain a high-resolution crystallo-
graphic or cryo-EM structure of the SRX folded-back state.

Here we provide evidence at the biochemical level that the
cardiac SRX can occur with nothing more than an HMM-like
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molecule containing two S1 heads and the proximal part of the
coiled-coil tail and that the level of SRX decreases with in-
creasing ionic strength, consistent with many charge—charge in-
teractions stabilizing the IHM. Our work demonstrates that the
tail region of myosin is necessary to fully stabilize its SRX con-
formation, consistent with an SRX folded-back structure. Our 2-
hep HMM, however, shows SRX behavior without the proximal
tail, as does our sS1 construct, which shows a 15-20% population
of SRX that increases to ~50% SRX in the presence of mava-
camten. We think it likely, therefore, that a small part of the
population of independent sS1 molecules in solution exist in a
conformation that is similar to that stabilized in the folded-back
structure (SI Appendix, Fig. S6) and the binding of mavacamten
shifts the equilibrium of sS1 heads in solution toward the structure
of the heads in the SRX folded-back state. Structural studies will
be necessary to assess this possibility further.

We hypothesize that the sS1 SRX conformation, stabilized by
mavacamten, will have its light chain-binding helix tilted further
in the prestroke direction (a pre-prestroke state) than normally
achieved by the relaxed DRX prestroke state (ST Appendix, Fig.
S6). Although a different conformation of the myosin head, this
change in the direction of lever arm orientation is the same as
expected for that of the actin-bound force-producing myosin
head under load in contracting muscle, where the light chain-
bound lever arm is pulled backward by the load and nucleotide
release is slowed (58). The sS1 structure of Dominguez et al.
(59), which is in an extreme pre-prestroke state, has indeed been
suggested to fit into the blocked head of the IHM structure (3)
and fits the MS03 homology-modeled structure from the J.A.S.
laboratory (30, 45) and the STBY homology modeled structure
from the Padron laboratory (32). Houdusse and coworkers (60),
however, have proposed a newer model of the IHM structure,
which has the blocked head lever arm much closer to the normal
prestroke state than the Dominguez structure suggests. Since
none of our work demonstrates that we are dealing with a bona
fide IHM state, these structural concepts remain hypotheses that
need to be tested by high-resolution EM or X-ray crystallo-
graphic structures of the human p-cardiac myosin constructs.
Nonetheless, we speculate that a mavacamten-bound sS1 struc-
ture may represent a more realistic and higher-resolution version
of the blocked head of the SRX-IHM, and possibly relate to the
free head of the IHM as well.

The transition of the myosin heads in muscle from the SRX
off-state to the DRX on-state is thought to be modulated by
various factors. Activation of the sarcomere with Ca2* clearly
causes disordering of the myosin heads, as shown by the elegant
low-angle X-ray diffraction studies of Hugh Huxley (61).
Whether this reflects a transition between SRX and DRX heads
with every beat of the heart is not clear. It is possible that SRX
should be thought of as an economical way to park myosin heads
when they are not needed. The equilibrium between parked and
disordered heads may be determined by protein phosphoryla-
tions and may be a longer-term effect.

Stretch of the sarcomere leads to additional force which might
come from recruitment of SRX-IHM heads leading to more heads
in the DRX state (62-65). It has been suggested that this re-
cruitment of SRX heads may explain the Frank-Starling effect
(63, 66), long debated with regard to its mechanism of action (67).
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Other factors modulating the transition of the SRX off-state
to the DRX on-state could be phosphorylation of the RLC (30,
45, 68, 69) and/or phosphorylation of MyBP-C (30, 45, 70).
There are reported phosphorylation sites on the cardiac ELC as
well (71), whose possible role in the stabilization of the SRX is
unknown. A great deal of work needs to be done to determine
what factors modulate the transition from the SRX off-state to
the DRX on-state.

Our work opens avenues for the development of novel ther-
apeutics that specifically target the open—closed equilibrium of
the myosin heads. It is conceivable that future cardiac activators
can be designed that stabilize the open state, while inhibitors
such as mavacamten stabilize the closed state of the myosin
molecule in the thick filament. This forms an innovative basis for
modulating cardiac contractility at the molecular level.

Materials and Methods

The human f-cardiac myosin sS1, 2-hep, and 25-hep HMM constructs were
produced using a modified AdEasy Vector System (Qbiogene, Inc.). The
MYH7 mutant pigs were generated by homologous recombination in fetal
fibroblasts from Yucatan minipigs. The human protein constructs and the
minipigs are described in further detail in S/ Appendix. Human heart samples
were obtained from a tissue bank maintained at the University of Michigan.
Ventricular tissues taken from HCM patients at the time of myectomy (MYH7
R663H) or from nonfailing donor hearts (control) were snap-frozen in liquid
nitrogen. The study had the approval of the University of Michigan In-
stitutional Review Board, and subjects gave informed consent. Methods for
basal ATPase measurements, single-turnover experiments, EM, fiber SRX
measurements, tension measurements, and low-angle X-ray diffraction are
described in further detail in S/ Appendix.

Statistical significance was calculated using paired or unpaired t tests
wherever applicable. Not significant, P > 0.05; *P < 0.05; ** P < 0.01; ***P <
0.001; and ****P < 0.0001. Error bars in figures denote SD; all errors
reported in the text denote SEM.
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