
Mavacamten stabilizes an autoinhibited state of
two-headed cardiac myosin
John A. Rohdea, Osha Roopnarinea, David D. Thomasa,1,2, and Joseph M. Murettaa,1,2

aDepartment of Biochemistry, Molecular Biology, and Biophysics, University of Minnesota, Minneapolis, MN 55455

Edited by James A. Spudich, Stanford University School of Medicine, Stanford, CA, and approved June 20, 2018 (received for review November 21, 2017)

We used transient biochemical and structural kinetics to elucidate
the molecular mechanism of mavacamten, an allosteric cardiac
myosin inhibitor and a prospective treatment for hypertrophic
cardiomyopathy. We find that mavacamten stabilizes an autoinhibited
state of two-headed cardiac myosin not found in the single-headed
S1 myosin motor fragment. We determined this by measuring cardiac
myosin actin-activated and actin-independent ATPase and single-ATP
turnover kinetics. A two-headed myosin fragment exhibits distinct
autoinhibited ATP turnover kinetics compared with a single-headed
fragment. Mavacamten enhanced this autoinhibition. It also enhanced
autoinhibition of ADP release. Furthermore, actin changes the struc-
ture of the autoinhibited state by forcing myosin lever-arm rotation.
Mavacamten slows this rotation in two-headed myosin but does not
prevent it. We conclude that cardiac myosin is regulated in solution by
an interaction between its two heads and propose that mavacamten
stabilizes this state.
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Familial hypertrophic cardiomyopathies, abbreviated “HCM,”
represent one of the most common classes of genetic disease,

affecting 1 in 500 people (1). HCM is hypothesized to result from
cardiac hypercontractility (2). Direct inhibition of force genera-
tion by cardiac myosin is thus a putative treatment (3). Mava-
camten (mava), previously termed “Myk461,” is a small-molecule
allosteric inhibitor of cardiac myosin that shows promise in
preclinical and clinical trials for the treatment of HCM (3). Mava
binds with submicromolar affinity to cardiac myosin in the
presence of ATP and inhibits steady-state actin-activated and
actin-independent (basal) ATPase cycling and calcium-regulated
ATPase activity in permeabilized cardiac myofibrils (3, 4). Mava
also inhibits the kinetics of rigor actin binding as well as the
kinetics of actin-activated phosphate release (4). It decreases in
vitro actin filament sliding velocity in the actomyosin motility
assay (4), decreases force generation by skinned cardiac prepa-
rations from mouse HCM models (3), and decreases cardiac
output in live feline hearts (5). Mava’s effect on cardiac con-
tractility is hypothesized to follow from its inhibition of actin-
activated phosphate release, the kinetic step most tightly coupled
to force generation (4).
Because mava changes the kinetics of actin-activated phos-

phate release, we hypothesized that it may also stabilize an
autoinhibited state of two-headed cardiac myosin in solution,
analogous to the superrelaxed (SRX) state observed in skinned
myocardium and skeletal muscle fibers (6, 7). This hypothesis
was prompted by studies of blebbistatin, a myosin II inhibitor
which also inhibits phosphate release and is proposed to stabilize
the SRX state in skeletal and cardiac muscle (8–11).
In permeabilized relaxed muscle and myocardium, the SRX

state is defined by the biexponential kinetics of single-ATP
turnover. The fast phase of this turnover is similar to ATP
turnover in isolated single myosin heads (Fig. 1A and SI Ap-
pendix, Table S1), while the slow phase is thought to reflect
myosin heads that are autoinhibited in a structural state that
is folded back onto the filament backbone. The folded state,
termed the “interacting heads motif” (IHM), is hypothesized to

be stabilized by a number of protein–protein interactions in-
cluding contacts between the two heads, contacts between the
heads and the S2 coiled-coil, and contacts between the heads, the
S2 coiled-coil, and the thick-filament backbone. Myosin heads in
the IHM are hypothesized to turn over ATP much more slowly
than noninteracting heads, because the structural changes in the
ATPase site that are required for dissociation of the ATP hy-
drolysis products require movement of the myosin light-chain–
binding domain and actin-binding interface (12, 13), and move-
ment of these elements should be prevented when the heads
interact. The IHM is hypothesized to be an evolutionarily con-
served autoinhibition mechanism for controlling myosin II driven
motility in cells (13–16). EM studies suggest that the individual
myosin heads in the cardiac thick filament can form the IHM
state (10, 17). However, the IHM has not been observed in purified
cardiac myosin in solution without chemical cross-linking. Thus,
the structural correlates and transient kinetics of the cardiac myosin
IHM state remain unknown.
We tested the hypothesis that cardiac myosin is autoinhibited by

direct head–head interaction in solution and that mava selectively
targets this intrinsic inhibition by comparing the actin-activated
and actin-independent (basal) single-ATP turnover kinetics of
single and two-headed bovine ventricular cardiac myosin frag-
ments. Based on the results from those experiments, we evaluated
the temperature and ionic strength dependence of ATP turnover by
these same myosin preparations. We reasoned that if the two-headed
heavy meromyosin (HMM) forms an IHM-driven, autoinhibited
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state, then the energetics of ATP turnover by HMM should reflect
this formation and should be much more dependent on increasing
ionic strength than single-headed cardiac myosin S1 (18) and that
mava should reduce this dependence on ionic strength. The results
from these experiments reveal key aspects of cardiac myosin
function and of mava’s mode of action on this critical protein. A
related and complementary body of work is described in Anderson
et al. (19).

Results
The Steady-State Actin-Activated ATPase kcat of Two-Headed Cardiac
Myosin HMM Is Lower than That of Single-Headed Cardiac Myosin
Subfragment 1. We prepared soluble myosin fragments for this
study as described in our prior work (20) by isolating cardiac myosin
from the left ventricles of bovine hearts, digesting the isolated
myosin with α-chymotrypsin (Fig. 1B, lane 2), and purifying the

soluble, digested fragments by both size-exclusion and anion-
exchange fast protein liquid chromatography as described in SI
Appendix. Fractions containing two-headed HMM or the single-
headed S1 fragment lacking the regulatory light-chain (RLC)–
binding domain and the S2 coiled-coil domain were separated
and dialyzed into assay buffers as indicated for each experiment
(Fig. 1B, lanes 3 and 5). We verified by gel electrophoresis that
the purified HMM and S1 were fully intact and did not contain
contaminating cardiac actin (Fig. 1B, lane 4).
We evaluated the functional activity of the purified myosin

fragments by measuring actin-activated ATPase activity over
a range of actin concentrations using the NADH-coupled ATPase
assay (Fig. 1C) (21). Single hyperbolic fits to the actin concentration-
dependence of ATPase activity showed that the kcat for the S1
fragment is 3.6 ± 0.4·s−1 compared with 2.02 ± 0.12·s−1 for cardiac
HMM from the identical preparation (P ≤ 0.0035) (throughout this

Fig. 1. Steady-state ATPase activity of purified cardiac myosin fragments HMM and S1. (A) Proposed structural isomerization of HMM between a sequestered
IHM [Protein Data Bank (PDB) ID code 5TBY] (Left) and splayed heads (Right). (B) SDS/PAGE gel stained with Coomassie blue demonstrating the purification of
α-chymotryptic–digested HMMand S1myosin fragments, removing contaminating actin. HC, heavy chain of myosin. (C) Steady-state, actin-activated ATPase activity of
0.2 μMS1with DMSO (red) or 10 μMmava (purple) and of 0.2 μMHMMwith DMSO (black) or 10 μMmava (blue). ActivityS1,DMSO= (3.6± 0.4·s−1) × [Actin]/(24.4 ± 7.4 μM +
[Actin]). ActivityHMM,DMSO = (2.02 ± 0.12·s−1) × [Actin]/(17.6 ± 2.8 μM + [Actin]). ActivityS1,Mava = (1.35 ± 0.08·s−1) × [Actin]/(20.6 ± 3.1 μM + [Actin]).
ActivityHMM,Mava = (0.48 ± 0.04·s−1) × [Actin]/(35.3 ± 6.3 μM + [Actin]). n = 6 replicates for each actin concentration. (D) Mava is a potent inhibitor of 0.2 μM
HMM and S1 during actin-activated, steady-state ATPase cycling; [Actin] = 20 μM. n = 4 replicates. (E ) [S1] varied from 0 to 2.0 μM, and [HMM] varied from
0 to 1.0 μM (0- to 2.0-μM heads) mixed with 1.0 μM pyrene-labeled actin. Final concentrations are listed. The HMM and S1 used in this study release from
pyrene-labeled actin with the addition of 2.0 mM ATP; FS1 = 0.95 ± 0.1 (magenta) and FHMM = 0.89 ± 0.02 (gray). n = 4 replicates. All experiments were
performed in 10 mM Tris (pH 7.5) at 25 °C, 2 mM MgCl2, and 1.0 mM DTT, unless otherwise noted. Error bars indicate SEM.

Rohde et al. PNAS | vol. 115 | no. 32 | E7487

BI
O
CH

EM
IS
TR

Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1720342115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1720342115/-/DCSupplemental


paper, measurement statistics and statistical significance are tab-
ulated in SI Appendix, Table S1). Thus, dimerization of the myosin
heads reduces the maximum rate of actin-activated ATPase cycling
(Fig. 1 A and C).
We verified that the mava preparation (synthesized by EAG

Laboratories and verified by mass spectrometry and NMR
spectroscopy as described in SI Appendix) inhibits cardiac myosin
as demonstrated in prior reports (Fig. 1 C and D) (3). Mava
potently inhibited the steady-state ATPase cycling of HMM,
decreasing the kcat from 2.02 ± 0.12·s−1 to 0.48 ± 0.04·s−1 (P ≤ 0.001),
a 4.21 ± 0.43-fold reduction, and shifting the Km from 17.6 ± 2.8 μM
to 35.3 ± 6.3 μM (P ≤ 0.05), a twofold increase. The actin-activated
ATPase kcat of S1 was inhibited from 3.6 ± 0.4 to 1.35 ± 0.08, a
2.70 ± 0.34-fold reduction. The enhanced inhibition of the actin-
activated kcat of HMM compared with S1 is significant (P ≤ 0.03).
The enhanced inhibition of HMM compared with S1 is reflected in
the compounds’ apparent EC50s for inhibition of actin-activatedATPase
cycling measured at 20 μM actin (near the Km), which was 0.23 ±
0.02 μM for HMM compared with 0.41 ± 0.02 μM for S1 (P ≤ 0.001).

We determined that both purified myosin fragments freely and
equivalently bind to actin in the absence of ATP and dissociate
from actin upon the addition of 2.0 mM ATP by equilibrating
varying concentrations of HMM or S1 myosin with a fixed con-
centration of pyrene-labeled actin (Fig. 1E). The fluorescence of
pyrene-labeled actin is linearly proportional to the binding of
individual myosin heads to actin (21). The fluorescence decreased
linearly with an increase in the [myosin heads]/[actin] equilibration
stoichiometry (Fig. 1E), reaching a maximum at 1:1 stoichiometry
with a 70% fluorescence quench, as expected (21). The quench of
pyrene fluorescence by HMM or S1 was identical, indicating that
both heads of the HMM freely bind actin to a similar degree as
S1 heads. The binding is nearly entirely relieved, to 0.89 ± 0.02 or
0.95 ± 0.01, respectively, with the addition of 2.0 mM magnesium
ATP (MgATP), and the remaining strongly bound myosin heads
are consistent with the expected 5–10% duty-ratio of cardiac my-
osin estimated in other studies (2). Thus, the S1 and HMM are
functional as ATP incubation increases pyrene-actin fluores-
cence, and the reduced actin activation seen in the HMM does not

Fig. 2. HMM data are shown in A–C; S1 data are shown in D–F. (A) Actin-activated single-ATP turnover by 0.1 μM HMM (DMSO control in black, 30 μM mava
in blue), mixed with 2.0 μM mant-ATP and 10 μM actin and 2.0 mM MgATP by sequential stopped flow. Premix concentrations are listed. (Inset) Sequential
stopped-flow mix schematic. (B and C) Two-exponential fits showing rates (B) and amplitudes (C) with varied [actin]. (D) S1 (0.2 μM) (DMSO in red, 30 μMmava
in violet), mixed with 2.0 μM mant-ATP and 10 μM actin and 2.0 mM MgATP by sequential stopped flow. (E and F) Two exponential fits showing rates (E) and
amplitudes (F), with varied [actin]. n = 6 replicates, SI Appendix, Table S1. Error bars indicate SEM.
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reflect “dead” or nonfunctional myosin heads which do not detach
from actin.

Mava Inhibits Transient Actin-Activated Single-ATP Turnover More for
Two-Headed Cardiac HMM than for Single-Headed S1.We investigated
the transient kinetics of actin-activated single-ATP turnover by
cardiac myosin HMM and S1 using fluorescently labeled ATP,
mant-ATP [2′- or 3′-O-(N-methylanthraniloyl) adenosine 5′-
triphosphate]. We mixed the purified myosin fragments by stopped-
flow with fluorescent mant-ATP, aged the sample for 2.0 s to allow
ATP binding and hydrolysis, and then mixed the resulting steady-
state sample with increasing concentrations of actin in the presence
of 2.0 mM MgATP. The fluorescence of mant-ATP is enhanced
when bound by myosin, and the dissociation of mant-ADP after a
single kinetic cycle results in a fluorescent decay (Fig. 2 A and D).
The actin-activated single-ATP turnover fluorescent transients

were best fit by a biexponential time-dependent function con-
sistent with previously published studies of actin-activated ATP
turnover by cardiac myosin preparations: fluorescence = Afast·
exp(−kfast·t) + Aslow·exp(−kslow·t) (22). We evaluated the actin
dependence of the two rate constants (kfast and kslow) and the
normalized amplitudes (Afast and Aslow) for each phase in the
presence or absence of mava (Fig. 2). The fast phase (closed circles
in Fig. 2) reflects the release of ATP from a primed, posthydrolysis,
myosin.ADP.Pi state ready to undergo actin activation, while the
slow phase (open circles in Fig. 2) reflects actin-dependent release
from states which are activated more slowly (20, 22). Importantly,
the fast and slow phases are both faster than basal single-ATP
turnover in the absence of actin (presented in Fig. 3). The maxi-
mum observed rate constant for the fast phase of actin-activated
ATP turnover was larger for S1 (5.97 ± 0.80·s−1) than for HMM
(3.80 ± 0.33·s−1; P < 0.05). Mava inhibited the maximum observed
rate constant for the fast phase of actin-activated ATP turnover
to 0.80 ± 0.11·s−1 in S1 and 0.30 ± 0.01·s−1 in HMM. The
maximum observed rate constant for the slow phase was reduced

from 0.28 ± 0.04·s−1 to 0.089 ± 0.002·s−1 in S1 (a threefold in-
hibition) and from 0.55 ± 0.03·s−1 to 0.04 ± 0.01·s−1 in HMM (a
14-fold inhibition). Thus, the slow phase of ATP turnover is
significantly more inhibited in HMM than in S1 (P ≤ 0.0001). In
the absence of mava, the amplitude of the slow phase of actin-
activated single-ATP turnover is larger in HMM than in S1 (Fig.
2 C and F). At saturating actin concentrations, mava decreased
the amplitude of the fast phase in HMM (0.48 ± 0.04) but not in
S1 (0.83 ± 0.01; P ≤ 0.0001, S1 compared with HMM) (Fig. 2 C
and F). The primary difference between S1 and HMM is the
presence of the regulatory light chains (RLCs) and the S2 coiled-coil
domain and the dimerization of two myosin heads in HMM (Fig.
1A). This dimerization allows the two heads to interact with each
other directly and allosterically. Head–head interactions play critical
roles in regulating actin activation in other myosin II family mem-
bers (13). The selective effect of mava on the amplitudes in HMM
but not S1 at saturating concentrations of actin indicates that mava
stabilizes a state in HMM which occurs infrequently in S1.

Mava Inhibits Basal Single-ATP Turnover and Basal ADP Release in
Two-Headed Cardiac HMM Differently than in Single-Headed S1. We
investigated the differences between S1 and HMM in the absence
of actin by examining the effects of mava on the kinetics of basal
single-ATP turnover and basal ADP release. We mixed 0.4 μM
S1 or 0.2 μM HMM—identical concentrations of ATP-binding
heads—with either 4.0 μM mant-ATP (Fig. 3 A–E) or 4.0 μM
mant-ADP (Fig. 3 F–J) and then measured nucleotide release after
mixing with 2.0 mM MgATP. Mava’s effect on ADP release was
previously measured in S1 but not in HMM (Fig. 3G) (4).
We analyzed the kinetics of nucleotide exchange in these ex-

periments by fitting the data to a biexponential function. Basal
ATP turnover by HMM was distinct from the ATP turnover
kinetics measured in S1 (Fig. 3 A–C, black and red traces and
bars) exhibiting two distinct kinetic phases. HMM’s slow phase
has an amplitude of 0.55 ± 0.04, significantly more than in S1,

Fig. 3. Basal nucleotide exchange in the absence of actin. (A and B) Basal single-ATP turnover by stopped-flow mix of 0.2 μMHMM (A) or 0.4 μM S1 (B), mixed
with 4.0 μMmant-ATP and then chased with 2.0 mM MgATP. Blue and violet traces indicate 30 μMmava. (C–E) Amplitudes (C) and rates (D and E) of the two-
exponential fits of A and B. (F and G) Basal single ADP dissociation from HMM (F) or S1 (G), mixed with 4.0 μM mant-ADP and then chased with 2.0 mM
MgATP. (H–J) Amplitudes (H) and rates (I and J) of the two-exponential fits of F and G. n = 9 replicates. Two-exponential fits are reported in SI Appendix, Table
S1. Error bars indicate SEM. **P ≤ 0.01, ***P ≤ 0.001; N.S. (not significant), P > 0.05.
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0.17 ± 0.04 (Fig. 3C). The rate constants for the fast and slow
phase of basal single-ATP turnover are very similar in HMM and
S1 (Fig. 3 D, E, I, and J: compare black and red bars). The rate
constants we observed for the fast and slow phases of basal single-
ATP turnover are 0.02–0.03·s−1 and 0.005–0.008·s−1, respectively (SI
Appendix, Table S1), notably similar to the rate constants for biex-
ponential mant-ATP turnover kinetics detected in permeabilized
myocardium where the autoinhibited SRX state has been de-
scribed (7).
Mava inhibited the rate constants for basal single-ATP turn-

over in both HMM and S1 preparations to a similar degree (Fig.
3 D, E, I, and J: blue and violet bars). However, as with the actin-
activated single-ATP turnover experiments in Fig. 2, the ampli-
tude of the slow phase of basal single-ATP turnover is increased
by mava significantly more in HMM than in S1 (Fig. 3C: com-
pare black and blue bars with red and violet bars) (P ≤ 0.0001).
The kinetics of ADP release are very similar in HMM and

S1 in the absence of mava (Fig. 3 F–J: compare black and red
traces and bars). As with ATP turnover, ADP release is inhibited
more by mava in HMM (Fig. 3 F and G: compare blue and violet
traces). This increased inhibition reflects the stabilization of a
slow phase for ADP dissociation that is greatly enhanced from a
mole fraction of 0.37 ± 0.02 to 0.62 ± 0.02 (Fig. 3 F and H:
compare black and blue traces and bars). The fast and slow rate
constants for ADP release are similar in S1 and HMM (Fig. 3 I

and J: black and red bars). However, unlike in HMM, mava does
not affect the amplitude of the slow phase of ADP dissociation in
S1 (Fig. 3H, red and violet bars). These results further support
the hypothesis that the structural kinetics of HMM are distinct from
those of S1 and that mava stabilizes the slow phase of nucleotide
turnover.

The Energetics of Basal Single-ATP Turnover in Two-Headed Cardiac
HMM Are Distinct from Those of Single-Headed S1.We evaluated the
biophysical determinants underlying the difference between
S1 and HMM described in Fig. 3 by examining the temperature
dependence of basal single-ATP turnover in the absence of actin
and in the absence of mava. We performed these experiments
identically to those in Fig. 3 over a range of temperatures (5.0–
35 °C), analyzing the resulting basal single-ATP turnover tran-
sients by fitting a biexponential function to the data. The results
from these experiments are summarized in Fig. 4. The kinetics of
basal single-ATP turnover were distinctly biexponential above
15 °C; we focused our analysis above this temperature (Fig. 3 B,
C, E, and F). The rate constants for the fast phase of ATP
turnover increased with increasing temperature in both HMM
and S1, and the temperature dependence for the increase in kfast
and kslow was nearly identical for the two proteins (SI Appendix,
Table S1). Fitting to the Eyring equation (given in SI Appendix,
Table S1) provides apparent transition-state enthalpy (ΔHǂ

app)
and a collection of terms associated with the apparent transition-
state entropy (ΔSǂapp). For both HMM and S1, the kfast of basal
single-ATP turnover has a larger, endothermic ΔHǂ

app than the
kslow (SI Appendix, Table S1). In addition, for both HMM and S1,
kfast has a positive ΔSǂapp, while the kslow has a negative ΔSǂapp.
This suggests that kfast and kslow (Fig. 4 B and E) are distinct
biophysical processes exhibiting unique transition-state energetics
and are rate-limited by unique biochemical or biophysical transitions.
The temperature dependences for the amplitudes of basal

single-ATP turnover (Fig. 4 C and F) were also distinct between
S1 and HMM samples. In S1, increasing the temperature from
20 to 35 °C dramatically decreased the amplitude of kslow from
0.45 ± 0.07 to 0.07 ± 0.03 (Fig. 4F), while in HMM the amplitude
decreased only from 0.57 ± 0.01 to 0.51 ± 0.02 (Fig. 4C). Thus, at
near physiologic temperatures (35 °C) the slow phase of basal
single-ATP turnover is significantly more abundant in HMM
than in S1 (P ≤ 0.0001). Temperature stability is consistent with
the biochemically sequestered SRX state observed in permeabilized
muscle fibers (6) and the ordered state of the myosin thick
filament observed by fluorescence polarization (23) and X-ray
diffraction (24–26), all of which are stabilized by increasing
temperature.

Increasing Ionic Strength Activates Two-Headed Cardiac HMM but Not
S1. Previous studies showed an isolated S2 coiled-coil domain
fragment of human cardiac myosin interacts at low ionic strength
with an isolated S1 fragment and with a two-headed HMM
truncated at the second heptad of the S2 coiled-coil domain, and
an EM study showed the IHM is disrupted in myosin II homologs
by increasing ionic strength (13, 18). We therefore examined the
ionic strength dependence of basal single-ATP turnover in S1
and HMM at 25 °C by increasing the concentration of potassium
chloride (KCl) from 0 mM to 100 mM. The results from these
experiments are depicted in Fig. 5. Increasing ionic strength
accelerated basal ATP turnover by HMM (Fig. 5 A–C) but had
little effect on S1 (Fig. 5 E–G). We fit biexponential functions to
the resulting transients. The kfast and kslow rate constants for basal
ATP turnover did not change with increasing ionic strength in
HMM (Fig. 5B) or in S1 (Fig. 5F). The dependence of turnover by
HMM on ionic strength reflected an increase in the amplitude of
the fast phase and a decrease in the amplitude of the slow phase,
while in S1 the amplitudes did not change. At 100 mM KCl, the
amplitude of the fast and slow phases of turnover were similar in

Fig. 4. Temperature dependence of basal single-ATP turnover. (A and D)
0.4 μM HMM (A) or 0.8 μM S1 (D) mixed with 8.0 μM mant-ATP and then
mixed with 2.0 mM MgATP. These data were fit to a two-exponential
function. (B) The rates for HMM were fit to the Erying equation: kfast =
temperature in Kelvin (T) × exp(−[35.3 kJ/mol]/RT + 5.3)·s−1·K−1; kslow = T ×
exp(−[15.9 kJ/mol]/RT − 4.3)·s−1·K−1. Closed circles indicate the fast phase;
open circles indicate the closed phase. (C) The amplitudes of the slow phases
depicted in A. (E) The rates from the two-exponential fit for S1 were also fit
to the Erying equation: kfast = T × exp(−[30.9 kJ/mol]/RT + 3.6)·s−1·K−1; kslow = T ×
exp(−[15.1 kJ/mol]/RT − 3.9)·s−1·K−1. (F) The amplitudes of the slow phases
depicted in D. n = 4 replicates for each temperature. Error bars indicate SEM.
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HMM and S1 (Fig. 5 C and G). These data suggest that the
populations of myosin that turnover ATP fast and slow, exchange
in solution, and the energetics of this exchange are dependent on
charge–charge interactions.
We also examined the ionic strength dependence of HMM’s

autoinhibited state in the presence of mava by performing basal
single-ATP turnover under 100-mM KCl or no KCl conditions
(Fig. 5D). Increasing the ionic strength to 100 mM KCl partially
relieved mava’s inhibition on ATP turnover in HMM but not in
S1, indicating that the mava-stabilized state in HMM is specifi-
cally dependent on ionic strength (Fig. 5H). Notably, however, at
100 mM KCl and saturating mava, ATP turnover by HMM is still
slower and is distinctly biexponential compared with the turnover
by S1 (Fig. 5H: compare dashed cyan with gray traces).

Actin Disrupts the Autoinhibited State of Two-Headed Cardiac HMM.
Results in Fig. 3 show that in the absence of actin half of the
myosin ATPase sites in HMM turn over ATP more slowly than
the sites in S1. This population is stable with increasing temper-
ature (Fig. 4) and is disrupted by increasing ionic strength (Fig. 5),
both of which suggest the formation of an auto-inhibitory protein–
protein interaction interface. Furthermore, in the presence of
mava, the steady-state ATPase kcat (Fig. 1 and SI Appendix, Table
S1) and the fast and slow rate constants for actin-activated single-
ATP turnover (Fig. 2) are faster than the same kinetics in the
absence of actin (Fig. 3). This indicates that actin still activates
ATP turnover and ATPase cycling in the presence of saturating
mava. Together, these observations suggest that actin in-
teraction relieves the autoinhibition present in HMM even
when mava is bound. We reasoned that if the enhanced in-
hibition of HMM by mava results from a folded, IHM-like
structural state, then the structural dynamics of the two light-
chain–binding domains of the HMM dimer, which are pre-
sumably prevented from moving when HMM is in the IHM
state, should be altered, compared with when the HMM is not
in the IHM. We tested this hypothesis by using transient time-
resolved FRET, (TR)2FRET, to measure these dynamics directly in
response to actin activation.
We followed the strategy outlined in our prior work to per-

form these experiments (20). We labeled the cardiac myosin
RLC with the Alexa Fluor-488 fluorescent probe on a single
engineered cysteine residue, replacing the native valine at posi-
tion 105 in the bovine cardiac RLC sequence. We then ex-
changed the labeled RLC onto purified cardiac HMM to obtain
donor-labeled HMM. Expression and purification of the RLC,
labeling, and light-chain exchange were performed identically to
our prior study and are described in detail in that paper and are
outlined in SI Appendix (20). We confirmed that neither the
exchange nor the attachment of the fluorescent labels perturbs
the autoinhibited state by measuring basal single-ATP turnover
(SI Appendix, Fig. S2).
We measured actin-initiated changes in light-chain domain

(lever-arm) orientation by equilibrating the donor-labeled HMM
with 20-molar excess Cy3-ATP. The Cy3-ATP binds and is hy-
drolyzed by the myosin. When bound, the Cy3 fluorescent probe
is a FRET acceptor for the Alexa-Fluor 488 probe, and thus we
obtained FRET-labeled cardiac HMM. FRET between the labeled
RLC and the Cy3-ATP reports on the orientation of the myosin
light-chain–binding domain (20) [Fig. 1A, bound by the essential
light chain (ELC) and RLC]. While binding the Cy3-ATP stabilizes
a pre–power-stroke structural state of the light-chain–binding domain,
actin stabilizes the post–power-stroke state during the phosphate-
release/power-stroke phase and before the dissociation of the hy-
drolyzed Cy3-ADP. Cy3-ATP stabilization of the pre–power-stroke
state is reflected in a decrease in the time-resolved fluorescence
lifetime of the Alexa Fluor-488 donor probe, and the power stroke
is reflected in the actin-initiated increase in the lifetime (SI
Appendix, Fig. S3) (20).
We mixed the Cy3-ATP/Alexa488-HMM complex with in-

creasing concentrations of actin containing a 2 mM excess of
MgATP by stopped-flow (Fig. 6A) and acquired time-resolved
fluorescence waveforms every 1.0 ms during the resulting
actin-induced single-ATP turnover transient (SI Appendix, Fig. S3).
We analyzed the changes in the time-resolved fluorescence decay
using a two-distance, structure-based model as in our prior study
(20). The structural states obtained from fitting this model to the
data, summarized in SI Appendix, Table S1, were indistinguishable
from our previous results. The center and widths of pre– and post–
power-stroke–like structural states were not changed by mava un-
der the conditions of our experiments (SI Appendix, Fig. S5) and
therefore were treated as global parameters in the structural model
with control samples containing DMSO. We used the same ap-
proach in our prior work investigating the effect of omecamtiv

Fig. 5. Ionic strength dependence of basal ATP turnover. (A and E) HMM
(0.4 μM) (A) or 0.8 μM S1 (E) was mixed with 8.0 μM mant-ATP and then was
mixed with 2.0 mM MgATP. Data best fit to two exponentials. (B) The rates of
HMM’s basal mant-ATP turnover are relatively constant over these [KCl]; the
average values are depicted by the horizontal line. Closed circles represent the
fast phase; open circles represent the slow phase. (C) The amplitude of the fast
phase increases with increasing [KCl]. Closed circles represent the fast phase;
open circles represent the slow phase. Linear fits show trends. (D) In the
presence of mava, HMM is sensitive to increasing ionic strength (compare blue
and dark cyan traces). (F and G) The rates (F) and amplitudes (G) of S1’s basal
mant-ATP turnover are relatively constant. Linear fits show trends. (H) S1 in the
presence of mava is insensitive to changes in [KCl] (compare violet and gray
traces), consistent with S1 in the absence of mava (E). n = 4 for replicates for
each [KCl]. Fits are reported in SI Appendix, Table S1. Error bars indicate SEM.
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mecarbil on the cardiac myosin power stroke (20). From this
analysis, we obtain the structural kinetics of the lever-arm rota-
tion in response to actin activation (Fig. 6C and SI Appendix,
Table S1).
In the absence of mava, actin drives lever-arm rotation, and

the resulting millisecond-timescale mole-fraction transients for
each structural state (pre-power stroke short distance or post-power
stroke long distance) obtained from fitting the two-state model to
the data are best fit to biexponential functions (Fig. 6 C–E and SI
Appendix, Fig. S3). The fast phase reflects lever-arm rotation of
myosin heads that are primed for activation (Fig. 6C), while the
slow phase reflects the equilibration of other HMM species less
readily activated by actin (Fig. 6E).
The maximum observed rate constant for the fast phase of actin-

activated lever-arm rotation is 11.5 ± 0.8·s−1, and the maximum
observed rate constant for the slow phase of actin-activated lever-
arm rotation is 1.3 ± 0.2·s−1. These rate constants are significantly
faster than the fast and slow rate constants for actin-activated
single-ATP turnover (Fig. 2), indicating that actin binding by the
two populations of myosin is followed by FRET-detected lever-
arm rotation, followed by ADP release. Saturating mava signifi-
cantly reduced these rate constants to 4.9 ± 0.2·s−1 (P < 0.0001)
and 0.43 ± 0.08·s−1, respectively (P < 0.001).
We compared the effects of mava on the observed rate con-

stants for actin-activated lever-arm rotation (Fig. 6) and on the

rate constants for basal single-ATP turnover (Fig. 3). At satu-
rating mava and actin, the fast phase of the power stroke is 23 ±
3% of the total structural transient and is 16-fold faster than the
fast phase of basal ATP turnover in the presence of mava (Figs.
3E and 6 C and D). The slow phase of the power stroke is 77 ±
3% of the transient and is 12-fold faster than the slow phase of
basal ATP turnover in the presence of mava (Figs. 3D and 6E).
Because both rate constants for the structural change induced by
actin are faster than the fastest phase of basal ATP turnover in the
absence of mava, we conclude that actin is able to bind the mava-
inhibited HMM and to trigger lever-arm rotation in both the fast
and slow basal turnover populations. Thus, actin interaction trig-
gers the disruption of the autoinhibited state of cardiac HMM that
mava otherwise stabilizes (Fig. 3). We also note that actin activa-
tion triggers turnover of all bound Cy3-ATP in the presence of
mava, although with slower kinetics than in the absence of the
compound. Thus, mava does not permanently trap cardiac myosin
in an inhibited state.

Several Steps of the Cardiac Myosin ATPase Cycle Are Not Affected by
Mava. Additional transient stopped-flow kinetics experiments
utilizing (TR)2FRET showed that the ATP-induced recovery
stroke is not substantially altered by mava (SI Appendix, Fig. S4),
nor are ATP binding to myosin or actomyosin, ADP release from
actomyosin, myosin dissociation from actomyosin, or the ap-
parent equilibrium constant for ATP hydrolysis measured by
acid-quench (SI Appendix, Fig. S6 and Table S1). Mava’s effects
on other steps in myosin’s ATPase cycle, such as phosphate re-
lease and actin association in the ADP state, have been reported
previously (4). We summarize the kinetics steps in the cardiac
myosin ATPase cycle that mava inhibits in SI Appendix, Fig. S1
and discuss the implications for these changes below.

Discussion
Regulated activation of the cardiac myosin thick filament is a
critical determinant of contraction in the heart. This regulation
contributes to the Frank–Starling relationship, a fundamental
correlate of cardiac performance (27). It may also contribute to
heart diseases (18, 28). Activation of cardiac thick filaments is
hypothesized to be controlled by an evolutionarily conserved
mechanism through which the heads of each myosin dimer fold
back and interact with the dimer’s S2 coiled-coil domain and the
underlying surface of the thick filament (13). This structural
state, the IHM, has been observed in relaxed muscle (23, 24, 29),
in isolated thick filaments, and in purified myosin preparations
including glutaraldehyde cross-linked cardiac myosin in the
presence of the myosin II inhibitor blebbistatin (11, 13, 30, 31).
Previous muscle-fiber studies revealed a population of myosin

ATPase sites with dramatically inhibited ATP-turnover kinetics
compared with isolated myosin S1 analyzed in vitro (6, 7, 32).
This population is termed the “SRX state.” The SRX bio-
chemical state is hypothesized to result from the formation of the
IHM structural state (33); however, their biochemical and
structural correlates remain enigmatic. Our results show that an
SRX-like biochemical state, indicated by autoinhibited ATP
turnover, forms in solution at low ionic strength in the presence of
ATP and that this state correlates with changes in the biochemical
and structural kinetics of actin activation. This conclusion is based
on measured differences between the biochemical kinetics of
single-headed cardiac myosin S1 and two-headed HMM.
The steady-state ATPase experiments in Fig. 1 and the transient,

actin-activated, single-ATP turnover studies in Fig. 2 demonstrate
that key biochemical differences exist between cardiac S1 and
HMM. These differences are indicative of head–head–mediated
autoinhibition seen in highly regulated two-headed smooth muscle
myosins (34, 35) and suggest the compound may target the same
allosteric pathway as RLC phosphorylation. In HMM, mava stabi-
lizes the slow phase of ATP turnover in the presence (Fig. 2C) and

Fig. 6. Mava inhibits lever-arm rotation in HMM during actin activation as
detected with (TR)2FRET. (A) Stopped-flow mix of fluorescently labeled
myosin with actin to detect FRET between the lever arm and the catalytic do-
main of cardiac HMMduring the actin-activated power stroke. An equilibrium of
structural states for myosin (green or red) are depicted before and after stopped-
flowmixing. Fluorophores are located on the RLC and nucleotide. S1 is shown for
simplicity; HMM was used. (B) Mole fraction of the M** pre–power-stroke
structural state detected with (TR)2FRET. Structural transients are fit to two ex-
ponentials. (C) Observed rate constants for the fast phase of the actin-activated
power stroke over a range of [Actin]. kobs,fast,DMSO = 11.5·s−1[Actin]/(4.2 μM +
[Actin]); kobs,fast,Mava = 4.9·s−1[Actin]/(0.6 μM + [Actin]). (D) Amplitude of the fast
phase: Afast,DMSO= 0.59[Actin]/(5.1 μM + [Actin]); Afast,Mava = 0.23[Actin]/(1.6 μM +
[Actin]). (E) Slow phase: kobs.slow,DMSO = 1.3·s−1[Actin]/(3.4 μM + [Actin]);
kobs,slow,Myk461 = 0.4·s−1[Actin]/(1.0 μM + [Actin]). n = 6 replicates of bio-
chemically independent mixes, each averaging 6–10 shots; two separate
preparations of cardiac HMM. Error bars indicate SEM.
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absence (Fig. 3A) of actin. It also slows actin-independent ADP
release to a greater extent in HMM. These changes indicate that
interactions between the two heads of the HMM dimer are stabilized
by the compound and that this stabilization slows the rate-limiting
kinetics of ATP turnover and ADP dissociation (Fig. 3 F–H). We
hypothesize that this reflects an increase in the transition-state
free energy for opening the phosphate-release pathway and nucleotide-
binding pocket in the absence of actin; these transitions limit
phosphate and ADP release, respectively. Furthermore, the
compound’s lower binding affinity for HMM than for S1, indicated
by its EC50 for steady-state ATPase cycling (Fig. 1 and SI Appendix,
Table S1), shows that the two-headed myosin adopts a structural
state that preferentially binds mava.
The temperature- and ionic strength-dependence studies in

Figs. 4 and 5 support the conclusion that the rate-limiting ki-
netics for ATP turnover in the absence of actin are distinct in
HMM and in S1 and reflect the formation of a large protein-
interaction interface. The disruption by increasing ionic strength
and stability at higher temperatures is consistent with HMM’s
two heads interacting in an IHM-like state. Formation of the
IHM involves putative ionic interactions (18), and the slow ATP-
turnover phase, which we hypothesize correlates with head–head
interaction, is disrupted by increasing ionic strength. Stabiliza-
tion of the slow phase at physiologic temperature is consistent
with structural studies in intact muscle that also show slowed
ATP turnover and thick-filament ordering at increasing tem-
perature. Importantly, mava stabilizes the autoinhibited state of
two-headed HMM in the presence of physiological ionic strengths
(Fig. 5 D and H), and thus we expect a similar result in the heart.
Recent work suggests this may be the case (19).
Mava changes the structural kinetics of actin activation, con-

sistent with its stabilization of a preexisting autoinhibited state.
This conclusion is reflected by the compound’s inhibition of
actin-activated lever-arm rotation in Fig. 6. The slowest phase of
actin-activated lever arm rotation is significantly faster than the
fastest phase of mava-saturated basal ATP turnover by HMM
(Fig. 3 A and C–E). This is an important result that indicates
actin interaction triggers structural changes in HMM that disrupt

the autoinhibited state and that mava binding slows, but does not
prevent, these structural changes.
Based on these results, we propose a mechanism for actin

activation of the single myosin molecules in the cardiac thick
filament (Fig. 7). In this mechanism, autoinhibited myosin heads
transition from a folded IHM state that is docked on the thick-
filament backbone (state 1) to an IHM state with S2 extended off
the filament backbone (state 2). The IHM heads then “open”
(state 3) and become available for actin activation (state 4).
Thus, myosin in the IHM can be actin-activated by following the
pathway state 1 ↔ state 2 ↔ state 3 ↔ state 4 (Fig. 7). Alter-
natively, actin interaction accelerates IHM head opening if one
of the heads—we hypothesize the free IHM head (Fig. 1A) (13)—
interacts weakly with available myosin-binding sites on the actin
thin filament (state 5 in Fig. 7) and subsequently undergoes a
structural transition that disrupts the IHM state. Thus, activation
can also proceed via the pathway state 1 ↔ state 2 ↔ state 5 ↔
state 4. This second actin-activated pathway is supported by our
biochemical and structural kinetics data and also is depicted in
the myosin ATPase cycle in SI Appendix, Fig. S1. The SRX–

heads-up state 2 is likely present in muscle fibers because we
have observed it in tissue-purified HMM, and it is stable at
physiological temperatures (Fig. 4). This state is weakened at
physiological ionic strengths (Fig. 5), indicating that additional
protein–protein interactions are likely required for its full sta-
bilization in the cardiac sarcomere. Similar arguments were
made in a previous paper based on head-to-S2 binding experi-
ments performed by microscale thermophoresis (18). We predict
that in muscle fibers mava will shift the apparent equilibrium
between the relaxed heads to the IHM heads occupied in states
1 and 2. Recent work shows this may occur (19).
In solution, we propose that mava-saturated HMM follows the

pathway through states 1 ↔ 2 ↔ 5 ↔ 4 and that actin accelerates
ATP turnover compared with basal turnover. This conclusion is
based on the observation that the slowest phases of lever-arm
rotation detected by (TR)2FRET are substantially faster than the
fastest phase of mava-inhibited ATP turnover in the absence of
actin. The transition between state 1 and state 2 is likely to play
an important role in muscle. This transition is hypothesized to be
controlled by interactions with myosin-binding protein C and
passive strain on the thick filament (36, 37). Thus, structural
studies in intact muscle will be critical for fully understanding the
compound’s mode of action in the heart.

Conclusion
We have detected a biochemically autoinhibited state in tissue-
purified cardiac HMM. The kinetics and energetics of this state
are consistent with the SRX observed in permeabilized myo-
cardium, and thus we argue that the SRX state can be detected
in solution. Mava stabilizes this state, revealing an important
aspect of this drug’s mechanism of action that was not previously
seen in studies of single-headed myosin. Actin interaction is able
to disrupt the autoinhibited state and accelerate the rate-limiting
structural transition of head–head splaying that limits ATP
turnover in HMM. Thus, weak interaction with actin and cardiac
myosin can disrupt autoinhibition, indicating that how the
autoinhibited myosin heads are tethered to the thick-filament
backbone in muscle is critical. Mechanisms likely regulating
this tethering include cardiac myosin RLC phosphorylation (38),
binding of myosin-binding protein C to the HMM portion of
intact myosin in the thick filament (32), thick-filament mechano-
sensing (39), and small molecules (37).

Methods
Steady-State ATPase Activity. The actin-activated MgATPase activity of pu-
rified cardiac myosin HMM or S1 was measured using an NADH-coupled assay
(21) performed at 25 °C in 10 mM Tris (pH 7.5) and 2 mM MgCl2 with 1.0 mM
DTT. The reaction mix contained 0.2 μM HMM or 0.4 μM S1, varied actin

Fig. 7. Structural model for thick-filament regulation informed by data in
this study. (1) EM data support an IHM folded back against the thick filament
(black). (1′) The heads may open while the S2 is on the thick filament.
(2) Hypothesized state based on our detection of an SRX-like state in HMM.
(3) Relaxed myosin with heads splayed and ready to interact with actin. (4)
Active actomyosin cycling. (5) Hypothesized state based our detection of
actin accelerating the autoinhibited basal ATP turnover of HMM and thus
likely unfolding the IHM.
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concentrations, and 0.2 mM NADH, 0.5 mM phosphoenol pyruvate, 2.1 mM
ATP, 10 U/mL lactic acid dehydrogenase, 40 U/mL pyruvate kinase, and
200 nM HMM. We acquired absorbance at 340 nm every 10 s for 120 s total
using a Beckman-Coulter DU640B spectrophotometer.

Transient Kinetics. Transient biochemical experiments with steady-state
fluorescence detection (total fluorescence intensity) were performed on an
Applied Photophysics stopped-flow spectrophotometer capable of single-mix
and sequential-mix experiments with water-bath temperature control. All
experiments were performed at 25 °C unless otherwise stated. The single-mix
dead time for this instrument is 1.3 ms. All buffers were filtered and then
degassed for 30 min under high vacuum before use.

Single-ATP turnover experiments with mant-ATP were performed with
both sequential and single stopped-flow mixes. Samples were excited at
280 nm with a Xe lamp and monochromator and were detected through a
400-nm long-pass filter.

Statistics and Error Analysis. Individual, representative traces shown
throughout the paper depict the average of 6–10 shots of the stopped-flow.

All experiments were performed in replicates of n = 4–9 and as biochemically
independent experiments. Three separate preparations of cardiac HMM
from separate bovine myocardia obtained unfrozen from Pel-Freez Biolog-
icals contributed to the experiments throughout this paper; error bars
represent ± SEM. The Student’s t test was used to determine the statistical
significance of measured parameters tabulated in SI Appendix, Table S1.

A complete discussion of all methods, including the extraction, digestion,
purification, and expression of the proteins utilized in this study, the steady-
state and transient kinetics methodologies, and (TR)2FRET data acquisition
and analysis is provided in SI Appendix.
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