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Summary: 

 

Mutations in -cardiac myosin, the predominant motor protein for human heart contraction, can 

alter power output and cause cardiomyopathy. However, measurements of the intrinsic force, 

velocity and ATPase activityof myosin have not provided a consistent mechanism to link 

mutations to muscle pathology. An alternative modelpositsthat mutations in myosin affect the 

stability ofa sequestered, super-relaxed state (SRX) of the proteinwith very slow ATP hydrolysis 

and thereby change the number of myosin heads accessible to actin. Here, using a combination 

of biochemical and structural approaches, we show that purified myosin enters aSRX 

thatcorresponds to a folded-back conformation, which in muscle fibersresults insequestration of 

heads around the thick filament backbone. Mutations that cause HCM destabilize this state, 

while the small molecule mavacamtenpromotes it. These findings provide a biochemical and 

structural link between the genetics and physiology ofcardiomyopathywith implications for 

therapeutic strategies.  

 

Keywords: Myosin, Super relaxed state, Interacting heads motif, Cardiac inhibitor, 

Mavacamten, MYK-461 

 

Introduction: 

Muscle 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 molecule 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 sarcomeres of the muscle. HMM can be further divided into Subfragment 1 

(S1), which is the globular head of the myosin that serves as the motor domain (Toyoshima et al., 

1987),and subfragment 2 (S2). S1 houses the ATP and actin binding sites followed by 

anessential light chain (ELC) and regulatory light chain (RLC)bound -helix (lever arm) (Fig. 

1A). S1 heads are arranged on the thick filament backbone in muscle in a helical or 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(Burgess et al., 2007; Jung et al., 2011; Jung et al., 

2008; Wendt et al., 1999; Wendt et al., 2001) and in myosin thick filaments isolated from muscle 

(Al-Khayat et al., 2013; Alamo et al., 2008; Woodhead et al., 2005; Zoghbi et al., 2008). Named 

the interacting-heads motif (IHM) (Alamo et al., 2008), this structure has been proposed to be 

related to a super-relaxed state (SRX) of muscle, defined as a state that has a much reduced basal 

ATPase rate of ~ 0.003 s-1(McNamara et al., 2015). The SRX was initially discovered in rabbit 

skeletal muscle and thereafter also seen in rabbit cardiac, tarantula exo-skeletal and mouse and 

human cardiac fibers (Hooijman et al., 2011; McNamara et al., 2016; Naber et al., 2011; Stewart 

et al., 2010). An appealing hypothesis is that the SRX state is related to theIHM myosin state 

where the myosin S1 heads are interacting with one another and folded back onto their own 

coiled-coil S2 tail (Alamo et al., 2016; Cooke, 2011; Hooijman et al., 2011; Nogara et al., 2016; 

Wilson et al., 2014). Since the SRX state has only been described in fibers, it is possible that 

other sarcomeric proteins in the vicinity of the myosin are essential for establishing this state. 
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There have been no studies that directly demonstrate a structural corollary of the SRX state with 

purified sysems.Here we demonstrate biochemically that a decrease of basal ATPase to the levels 

seen in the SRX in fibers can be observed with purified human β-cardiac myosin alone.  

Hypertrophic cardiomyopathy (HCM) is an autosomal dominant inherited disease of heart 

muscle(Geisterfer-Lowrance et al., 1990; Seidman and Seidman, 2000; Seidman and Seidman, 

2001)characterized by hyper-contractility 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 and 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 hypothesized that a 

small molecule that binds directly to myosin and normalizes the hyper-contractility of the 

sarcomere may interrupt the development of downstream pathology (such as hypertrophy, 

fibrosis and clinical complications) seen in this disease (Spudich, 2014). Mavacamten (formerly 

MYK-461; MyoKardia Inc., South San Francisco, CA) is anoral allosteric modulator of cardiac 

myosin and causes dose-dependent reductions in left ventricular contractility in healthy 

volunteers and HCM patients(Maron et al., 2016). This investigational drug is in phase 2 clinical 

trials and is the first in line of potential new HCM therapeutic agents that act directly by 

interacting with the human β-cardiac myosin and normalizing its power output. Mavacamtenwas 

identified in a screen for actin-activated myosin ATPase inhibitors, and it lengthens the total 

cycle time (tc) of the ATPase cycle(Green et al., 2016). This results in a reduction of the duty 

ratio (ts/tc) and therefore of the ensemble force, since Fens = fint Na duty ratio, where fint is the 

intrinsic force of a myosin molecule and Na is the total number of myosin heads in the sarcomere 

that are functionally accessible for interaction with actin. Here we show that mavacamtenalso 

reduces Na by stabilizing the heads in a folded IHM state with a very slow release of bound 

nucleotide, an SRX-IHM state. 

The first HCM-causing mutation in β-cardiac myosin to be identified was R403Q (Geisterfer-

Lowrance et al., 1990). As with other HCM mutations, the R403Q mutation results in hyper-

contractility of the muscle(Tyska et al., 2000; Wilson et al., 1967). We provide evidence here 

that the R403Q mutation results in a shift in the equilibrium between the open and closed 

structures of myosin (Fig. 1B) to the open state, resulting in more heads available for interaction 

with actin and the hyper-contractility seen clinically. We see a similar phenotype in human 

cardiac samples with the HCM-causing R663H mutation. We further demonstrate that 

mavacamten reverses this destabilization of IHM caused by these mutations. 

Results:  

Purified human ß-cardiac myosincontaining the proximal S2 portion of its coiled-coil tail is 

in an ionic-strength dependentsuper-relaxed state. 

To test the hypothesis that the SRX observed in muscle fibers is related to the folded-back IHM 

of purified myosin we compared the kinetics of myosin’s basal ATPase cycle for three purified 

human ß-cardiac myosin constructs: 25-hep HMM (two-headed with first 25-heptads of proximal 

S2), 2-hep HMM (two-headed with first 2-heptads of proximal S2) and short S1 (sS1; single-

headed with no S2, and truncated immediately after the ELC binding domain, Fig. 1A). The 

basal ATPase rates of the three constructs were all within the range of 0.01 to 0.03 s-1 (Fig. S1), 
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consistent with high levels of actin-activation of these human ß-cardiac myosin constructs (about 

100-fold activation by actin(Adhikari et al., 2016; Nag et al., 2017). SRX is defined as a rate of 

nucleotide release from the myosin head that is even slower, about 0.003 s-1(McNamara et al., 

2015).  

To test the percentage of heads in the SRX for the three constructs weadapted 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 makes them amenable to a plate-based measurement. Moreover, owing to the 

difficulties in expressing high amounts of human cardiac proteins, the plate-based assay is an apt 

choice for this kind of experiment. This assay measured the fluorescentnucleotide release rates 

by loading the myosin heads with mant-ATP and then chasing with excess unlabeled ATP, as 

had been done in skinned fibers previously (McNamara et al., 2015). As the mant-nucleotide is 

released from the myosin, its fluorescence decreases(McNamara et al., 2015).  

The decay rate of mant-nucleotide fluorescence for 25-hep HMM was fit well by two 

exponential rate constants, one representing a basal ATPase rate of heads in a presumed open 

state (disordered relaxed state, DRX) of ~0.03 s-1and the other representing an SRX rate of 

~0.003 s-1 (Fig. 2A). In 100 mM potassium acetate (KAc), the amplitudes were 74 ± 2% basal 

rate and 26 ± 2% SRX rate (Fig. 2B). This SRX level observed for the 25-hep HMM did not vary 

significantly from preparation to preparation, and may largely represent myosin heads that are 

folded back onto their own proximal S2 tail (Fig. 2C). Consistent with this hypothesis, the 

fraction of myosin heads in the SRX increased from 26 ± 2% to 42 ± 2% (p<0.05) 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 

(Alamo et al., 2017; Alamo et al., 2008; Blankenfeldt et al., 2006; Moore et al., 2012; Nag et al., 

2017). The amplitudes of the fast (74 ± 2%) and slow phases (26 ± 2%)observed with the human 

ß-cardiac 25-hep HMM at 100 mM KAcmatch closely with the amplitudes observed in SRX 

experiments done with rabbit cardiac fibers (~70% fast and ~30% slow at 120mM 

KAc)(Hooijman et al., 2011).  

Interestingly, the 2-hep HMM, which contains only 2 heptad repeats of the S2 tail, still 

showed19± 3%SRXin 5 mM KAc(Fig. 2D,E), but the fractions of SRX at different KAc 

concentrations were not statistically significant(p > 0.05). It is possible that some blocked head 

interactions 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. 2G,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. We think it possible, therefore, that ~15% of the population of independent sS1 

molecules in solution exist in a conformation that is similar to that stabilized in the IHM 

structure (Fig. 2I, the SRX) in equilibrium with DRX heads (pre-stroke heads having ATP or 

ADP.Pi bound). In the context of the 25-hep HMM, this conformation favors the interactions 

with the proximal S2 and other head-head interactions that define the SRX-IHM. Thus, strictly 

speaking, myosin heads can occupy the SRX without entering the IHM state directly, but the 

SRX conformation of myosin heads isfurther stabilized by intramolecular interactions in the 

SRX-IHM. This idea gains strength by the mavacamten experiments described below. 
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To ensure that we were not missing any fast phase in our plate-based measurement, 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 (Fig. S2).  

These results suggest that purified myosin can adopt a biochemical SRXthat is stabilized by the 

S2 tail and by low ionic strength conditions that favor electrostatic interactions. These are the 

first results that directly link, using purified human ß-cardiac myosin, the IHM structural state 

with the biochemical SRX. 

The cardiac myosin inhibitor mavacamten stabilizes the SRX-IHMof purified human ß-

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 ß-cardiac myosin constructs. Mavacamten 

was selected on the basis that it inhibits the actin-activated activity of sS1 (Green et al., 2016), 

but the mechanism of that inhibition 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 (Fig. S1A). In the single-nucleotide turnover assay, in the presence of 10 µM 

mavacamten, the mant-nucleotide release rates from 25-hep HMM at 25 mM KAcwere fit well 

by a single exponential with a rate constant reflecting the SRX. At both 25 mM KAc (Fig 3A,B) 

and 100 mM KAc (Fig. S3), essentially ~100% of the myosin heads were in the SRX in the 

presence of mavacamten. In absence of mavacamten, the fraction of  25-hep HMM in the SRX 

was ~42% at 25 mM KAc (Fig. 2B, Fig. 3B) and ~26% at 100 mM KAc (Fig 2B). 

The effect of mavacamten on 2-hep HMM was less pronounced (Fig. 3C,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 that either 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 mavacamtenstabilizes the SRX conformation of sS1 in 

equilibrium with DRX heads (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 D). Mavacamten increased 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 (Fig. S1B, 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 the IHM structure (Fig. S4).We hypothesize that the sS1 SRX conformation 

will have its light-chain binding helix tilted a bit further in the pre-stroke direction than normally 

achieved by the relaxed DRX pre-stroke state (Fig. S4).  Since the human ß-cardiac myosin 

homology model is derived from a low-resolution (2 nm) tarantula skeletal muscle template, a 

mava-bound sS1 structure 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 SRX-IHM as well. 

We used electron microscopy to verify that the SRX observed with 25-hep HMM corresponds to 

folded-back (closed) heads. Fig. 3G shows representative images of closed IHM structures (top 

panels) and open structures (lower panels). After coupling the 25-hep HMM to a mavacamten 
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analog containing a photoactivatable crosslinker, folded-back IHM structures dominated the 

images, while the reverse was true in the absence of the mavacamten derivative (DMSO 

control)(Fig. 3H). Less than 20% of the myosin molecules were in a closed IHM state in the 

absence of mavacamten and ~60% were in a closed IHM state in the presence of mavacamten 

(Fig. 3H). These results more firmly link the IHM structural state with the SRX. 

The cardiac myosin inhibitor mavacamten stabilizes the SRX-IHMof 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 minipigcardiac muscle. Mavacamten increased the percentage of the SRX in the 

porcine fibers from 26 ± 2% to 39 ± 4% (p<0.05, Fig. 4A,B). There is a corresponding decrease in 

tension measured in skinned porcine cardiac muscle fibers exposed to mavacamten from 14.4 ± 

0.7 mN/mm2 to 6.6 ± 0.7 mN/mm2 (pCa5.8, p < 0.05, Fig 4C).  

A similar mavacamten-mediated SRX stabilization effect was also observed for wild type (WT) 

human cardiac fibers. Mavacamten increased the SRX in the human fibers from 24 ± 2% to 45 ± 

2% (p<0.05, Fig. 4D,E). The smaller effect on the fibers compared to the purified 25-hep protein 

could reflect a role for other components of the intact sarcomere in regulating the SRX 

population, or accessibility issues of mavacamten to the myosin in the skinned fibers. The ~25% 

SRX we see in the fibers without mavacamten treatment at 120 mM KAc is consistent with our 

25-hep HMM purified protein data at 100 mM KAc (Fig. S3B). 

To examine the spatial organization of the myosin heads weused 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 thin actin filaments. A 

representative low-angle X-ray diffraction image of a porcine cardiac muscle fiber shows the 

typical helical diffraction pattern known for striated muscle (Fig. 5).  

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 reflections 

for both relaxed (Fig. 5A vs B,  arrows) and contracting (Fig. 5F vs G, arrows) porcine muscle 

fibers. The first myosin layerline (MLL1) intensity at 43 nm (Fig. 5B,G white arrows) increased 

about 40% with mavacamten treatment (MLL1+mava/MLL1-mava= 1.37±0.13). If we assume that 

only myosin heads in the SRX give rise to layer lines, a 40% MLL1 intensity increasewould 

imply 17±6% more heads in the SRX, consistent with the fluorescence decay data shown in Fig. 

4A,B. A prominent 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 filamentin 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 significantlyincreased by 

addition of mavacamten (p < 0.05). This is quantified in Fig. 5D where the results from 13fibers 

are shown. An even more dramatic increase is seen in the M3 reflection when mavacamten is 

added to contracting fibers (p < 0.05, Fig. 5F-I). Thus, for both relaxed and contracting fibers, 

mavacamtenincreases the helical order of myosin heads on the thick filament backbone. 
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The 1,1 and 1,0 reflections on the equator provide information on the number of myosin heads 

that have moved away from the 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 I1,1/I1,0 

intensity ratio is reduced. As can be seen in Fig. 5C and H, mavacamten causes an increase in the 

1,0 reflection intensity. Furthermore, Fig. 5E and J show that the I1,1/I1,0 intensity ratio is reduced 

(p < 0.05) 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. 

These structural results, combined with the studies with purified human ß-cardiac myosin 

described above, suggest that mavacamten shifts the open-closed state equilibrium toward the 

closed SRX-IHM 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 characterize the effects of mutations that cause HCM on cardiac structure and function, 

we generated a large animal model of HCM in the Yucatan minipig (Fig. S5 and Methods). We 

introduced into minipigs the heterozygous MYH7 R403Q mutation, which has been well-

characterized in mice and humans (Geisterfer-Lowrance et al., 1996; Geisterfer-Lowrance et al., 

1990). When cardiac fibers from the R403Q pigs were compared with those from the WT pigs for 

SRX levels, strikingly, the R403Q mutation caused a significant decrease in the percentage of 

SRX in the porcine fibers, from 26 ± 2%  to 20 ± 2% (p<0.05, compare Fig. 6A,B with Fig. 

4A,B). This result supports the hypothesis that myosin HCM mutations cause clinical hyper-

contractility by shifting the equilibrium fromthe closed off-state (SRX-IHM) to the open on-state 

where the heads are free to interact with actin (Alamo et al., 2017; Nag et al., 2017; Nag et al., 

2016; Spudich, 2015; Trivedi et al., 2017). Addition of mavacamten to the R403Q fibers returned 

the percentage of SRX back to the normal WT level (30 ± 5%, p<0.05) and also reduced tension 

from 14.9 ±  0.7 mN/mm2 to 8.1 ± 0.6 mN/mm2 (pCa5.8, p < 0.05, Fig. 6C).The physiologically-

relevant pCa range for tension development in the heart is from ~10-7 M Ca2+ to ~10-6M Ca2+ 

(redshaded area, Fig. S6)(Previs et al., 2015), where the R403Q mutation induces hyper-

contractility and mavacamten reduces it towards normal (light blue to dark blue shaded area, Fig. 

S6).  

Treatment of R403Q skinned porcine fibers with mavacamtencaused an increase in ordering of 

myosin heads along the backbone of the myosin thick filament, as judged by an increase in the 

myosin-based helical layer lines (black arrows) and the intensity of the M3 reflection(white 

arrow) (Fig. 6E), consistent with a shift in equilibrium toward the myosin SRX-IHM off-state 

(Fig. 6D,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. Mavacamtenalso caused asignificant decrease in the 

I1,1/I1,0 intensity ratio of the R403Q fibers (p < 0.05) (Fig. 6E-G), further supporting a shift in 

equilibrium toward the myosin SRX-IHM off-state more closely associated with the backbone of 

the myosin thick filament. This effect was quantified for the R403Q fibers under both relaxing 

and contracting conditions.  
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We also studied the properties of the SRX in a known human pathogenic HCM mutation, MYH7 

R663H with fibers isolated from human cardiac tissue.  We found that the R663H mutation 

caused a significant decrease in the percentage of SRX from 24 ± 2%  (WT human cardiac tissue) 

to 18 ± 2% (R663H human cardiac tissue) (p<0.05), and that the addition of mavacamten to these 

fibers restored the SRX levels back to 37 ± 6% (p<0.05), which is similar to the WT level (Fig. 

6H,I). 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 physiology, biochemistry and biophysics 

has greatly advanced. While not complete, we have a good understanding of how 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 hyper-contractility of the heart and a small molecule, mavacamten, which resets this 

hyper-contractility to normal. 

Recent studies using human ß-cardiac myosin support the view that many, if not most, myosin 

missense HCM mutations cause the hyper-contractility observed clinically by shifting an 

equilibrium between a sequestered off-state of myosin heads to their on-state now able to interact 

with actin (Adhikari et al., 2016; Alamo et al., 2017; Homburger et al., 2016; Kawana et al., 

2017; Nag et al., 2017; Spudich, 2015; Spudich et al., 2016; Trivedi et al., 2017). The majority of 

these mutations are highly localized to three surfaces of the myosin molecule: the converter 

domain (Alamo et al., 2017; Homburger et al., 2016) (Fig. 1A), a relatively flat surface named 

the myosin mesa (Spudich, 2015) (Fig. 1B), and the proximal part of S2 that interacts with the S1 

heads in the IHM (Adhikari et al., 2016; Alamo et al., 2017; Homburger et al., 2016; Kawana et 

al., 2017; Nag et al., 2017; Spudich et al., 2016; Trivedi et al., 2017) (Fig. 1B). 

The realization that the myosin mesa of the two S1 heads in the IHM are in fact cradling the 

proximal S2 (Fig. 1B) was striking(Adhikari et al., 2016; Nag et al., 2017). Moreover, the mesa 

is highly enriched in HCM mutations in positively-charged Arg residues(Spudich, 2015), 

whereas the proximal S2 is highly enriched in HCM mutations in negatively-charged Glu and 

Asp residues (Homburger et al., 2016).Furthermore, 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’(Alamo 

et al., 2017; Kawana et al., 2017; Nag et al., 2017). We conclude that it is a reasonable 

hypothesis that myosin missense HCM mutations weaken the SRX-IHM state, resulting in more 

functionally accessible myosin heads for actin interaction, thus causing the hyper-contractility 

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 ß-cardiac myosin folded-back homology models has the same effect 

(Adhikari et al., 2016; Nag et al., 2017). Interestingly, R403Q has no effect on the affinity of S2 
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for sS1 (Nag et al., 2017), 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 formed by three interacting faces, the actin binding face, 

the mesa, and the PHHIS (Nag et al., 2017; Trivedi et al., 2017).  R403Q does not seem to have a 

significant effect on actin interaction (Nag et al., 2015), but it could be weakening the complex 

by weakening the blocked head PHHIS interaction with the free head converter(Nag et al., 2017; 

Trivedi et al., 2017). Arg403 is also in a position to possibly bind to part of MyBP-C(Nag et al., 

2017; Trivedi et al., 2017) 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 experiments 

involving the effects of R403Q and R663H on the interactions between these human ß-cardiac 

sarcomeric protein players will be necessary to elucidate the molecular mechanism of how 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 development of hypertrophy and fibrosis in HCM mouse models 

(Green et al., 2016). How is this molecule affecting 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, which in-turn has been inferred to stabilize the helical order of 

the thick filament(Xu et al., 1999; Xu et al., 2003; Zoghbi et al., 2004). Blebbistatin, a small 

molecule ATPase inhibitor, stabilizes a closed switch-2 state and has also been shown by 

electron microscopy (Zhao et al., 2008) and fluorescence-based studies (Kampourakis et al., 

2018)to stabilize the IHM state of myosin. Conversely, omecamtivmecarbil (OM), a cardiac 

activator in phase 3 clinical trials, has been shown to stabilize the open state of myosin on the 

cardiac thick filament (Kampourakis et al., 2018). Along similar lines, mavacamten has been 

previously shown to reduce the basal release rates of ADP and Pi (Kawas et al., 2017), possibly 

by holding the switch elements in a closed state, which ultimately stabilizes the myosin heads in 

the SRX-IHM state. The high-resolution detailed structural basis of formation of the SRX-IHM 

state is an intriguing, open question in the field.It is crucial now to obtain a high-resolution 

crystallographic or cryo-EM structure of the SRX-IHM. 

We provide here the first evidence at the biochemical level that the cardiac SRX can occur with 

nothing more than an HMM-like molecule containing two S1 heads and the proximal part of the 

coiled-coil tail, and that the level of SRX decreases with increasing ionic strength, consistent 

with many charge-charge interactions stabilizing the IHM. Our work demonstrates that the tail 

region of myosin is necessary to fully stabilize its SRX conformation. Our 2-hep HMM, 

however, shows SRX behavior without the proximal tail, which may indicate that the PHHIS-

converter association (Kawana et al., 2017; Nag et al., 2017; Trivedi et al., 2017), as well as 

other important interactions (Alamo et al., 2017) may be enough to hold the heads in a less stable 

SRX. But even sS1 shows a 15-20% population of SRX, which increases to ~50% SRX in the 

presence of mavacamten. 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 IHM structure (Fig. S4), and the binding of mavacamten shifts the equilibrium of sS1 heads 

in solution toward the structure of the heads in the SRX-IHM state. Structural studies will be 

necessary to assess this possibility further 
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We hypothesize that the sS1 SRX conformation will have its light-chain binding helix tilted a bit 

further in the pre-stroke direction than normally achieved by the relaxed DRX pre-stroke 

state(Fig. S4). Although a different conformation of the myosin head, this direction of change 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(Liu et al., 2018). 

The SRX off-state to free head on-state transition of the myosin heads in muscle is thought to be 

modulated by various factors One possible factor is the stress sensed by the thick filament as a 

function of the number of heads that are in the on-state and interacting with actin. This stress-

sensing mechanism may be important to maintain the helical order of the myosin heads on the 

thick filament, and increases in the stress level leads to a destabilization of the SRX-IHM and 

subsequent opening of the heads(Ait-Mou et al., 2016; Irving, 2017; Linari et al., 2015; 

Reconditi et al., 2017). Thus, there is cross-talk between the global thick filament structure and 

the conformation of the myosin heads in the SRX-IHM. It has been suggested that this tension 

sensing is likely to explain the Frank-Starling effect (Ait-Mou et al., 2016; Reconditi et al., 

2017), long debated with regard to its mechanism of action(Solaro, 2007). 

Other factors modulating the SRX off-state to free head on-state transition could be 

phosphorylation of the regulatory light chain (Kampourakis and Irving, 2015; Kampourakis et 

al., 2016; Nag et al., 2017; Trivedi et al., 2017), and/or phosphorylation of MyBP-C 

(Kampourakis et al., 2014; Nag et al., 2017; Trivedi et al., 2017). There are reported 

phosphorylation sites on the cardiac ELC as well (Huang and Szczesna-Cordary, 2015), 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 SRX off-state to free head on-state transition. 

Our work presents the first structural and biochemical evidence equating IHM to the SRX of 

myosin and shows that human ß-cardiac myosin HCM mutations in fibers both from a 

heterozygous piglet and a human heterozygous patient cause a reduction in the SRX. This work 

opens up avenues for the development of novel therapeutics that specifically target the open-

closed equilibrium of the myosin heads. It is conceivable that future cardiac activators can be 

designed such that they stabilize the open state, while inhibitors like mavacamten stabilize the 

closed state of the myosin molecule in the thick filament. This forms an innovative basis of 

modulating cardiac contractility at the molecular level. 
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Figures: 

 

 

 

Fig. 1. Human β-cardiac myosin structural models. (A) Pymol homology model of human β-

cardiac myosin subfragment 1 (S1) in the pre-stroke state showing its various domains. 

ELC,essential light chain (brown); RLC, regulatory light chain (green). Modeling was done as 

described previously (Nag et al., 2017; Trivedi et al., 2017). (B)Structural models of the open on-

state and the closed IHM off-state of human β-cardiac myosin. The motor domains are black 

(blocked head) and dark gray (free head), while the ELCs are in shades of brown, and RLCs in 

shades of green. The positions of R403Q and R663H (blue) are shown in the IHM relative to the 

mesa residues (Trivedi et al., 2017) (light pink, blocked head; dark pink, free head). Modeling 

was done as described previously (Nag et al., 2017; Trivedi et al., 2017). 
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Fig. 2. Mant-nucleotide release rates for purified human ß-cardiac myosin fragments. (A, 

D, G)Fluorescence decays ofmant-nucleotide release from 25-hep HMM, 2-hep HMM and sS1, 

respectively, in 25 mM KAc (solid black curves). The simulated single-exponential orange 

dashed curvesare the SRX rate (0.003 - 0.005 s-1) and the simulated single-exponential dashed 

olive green curvesarethe DRX rate (0.02 – 0.04 s-1). 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, H)Percentage of myosin heads in the SRX (orange) versus DRX (olive 

green)statescalculated 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 constructsat various KAc concentrations. (C)Homology model of folded-backhuman ß-

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) 2-hep HMM (from MS03) in 

equilibrium with an open on-state; and(I) sS1 SRX (left, the homology-modeled blocked-head 

only from MS03) in equilibrium with sS1 DRX (right, from HBCprestrokeS1; the modeled 

relaxed ATP and/or ADP.Pi bound states of the human ß-cardiac myosin heads). The white 

arrows illustrate the different directions the light-chain binding regions point in the SRX vs DRX 

states, where all alignments in (C, F, and I) are the same. Error bars denote s.e.m. 
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Fig. 3  Mant-nucleotide release rates and percentage folded states for purified human ß-

cardiac myosin fragments with and without mavacamten. (A, C, 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) mavacamten.  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, F) 

Percentage of myosin heads in the SRX (orange) versus DRX (olive green)stateswith and 

without mavacamten calculated from the double-exponential fits of the fluorescence decays 

corresponding to the mant-nucleotide release from 25-hep HMM, 2-hep HMM and sS1 at 25 

mM KAc.These data derive from three independent protein preparations each of 25-hep HMM, 

2-hep HMM and sS1 made on different days.(G) Panel showing representative single particle 

negatively-stained electron microscopy images of the open and closed forms of the 25-hep 

HMM.  Both the open and closed molecules have been selected from a sample containing 

mavacamten crosslinked 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. Total of 622 

and 183 molecules were counted for the with and without mavacamten samples, respectively. 

Error bars denote s.e.m. 
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Fig. 4  Effect of mavacamten on wild-type porcine and human cardiac fibers. Blue and dark 

gray denote experimental conditions with and without mavacamten, respectively. (A) SRX 

measurements with skinned cardiac fibers from wild-type pigs in the presence and absence of 

mavacamten. The simulated orange and green dashed curves act as references for the single 

exponential 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. (C) Maximum tension measurement in the 

skinned porcine cardiac fibers in the presence and absence of mavacamten. (D) SRX 

measurements with skinned cardiac fibers from human hearts in the presence and absence of 

mavacamten.  (E) The percentage of SRX in human cardiac fibers in the presence and absence of 

mavacamten.  Error bars denote s.e.m. 
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Fig. 5  Effect of mavacamten on ordering of myosin heads onto the thick filaments in wild-

type porcine fibers.  (A, B, C) Diffraction patterns of wild-type porcine fibers under relaxing 

conditions (pCa 8) without and with mavacamten and the difference in intensities.  (D) 

Mavacamten increases the intensity of the meridional reflection M3 under relaxing 

conditions.  (E) Mavacamten decreases the equatorial intensity ratio, I1,1/1,0, under relaxing 

conditions.  (F, G, H) Diffraction patterns of wild-type porcine fibers under contracting 

conditions (pCa 4) without and with mavacamten and the difference in 

intensities.  (I)Mavacamten increases the intensity of the meridional reflection M3 under 

contracting conditions.  (J) Mavacamten decreases the equatorial intensity ratio, I1,1/1,0,under 

contracting conditions. In (D), (E), (I) and (J), blue and dark gray bars denote experimental 

conditions with and without mavacamten, respectively. Error bars denote s.e.m. 
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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. The green and orange curves are simulated single-

exponential fits of fast and slow phase, respectively.  (B) Percentage of SRX detected in the 

porcine cardiac fibers with and without mavacamten.  (C) Maximum tension measurement in the 

skinned cardiac fibers from R403Q pigs in the presence and absence of mavacamten. (D) 

Mavacamten increases the intensity of the meridional reflection M3 under relaxing conditions. 

(E) Diffraction patterns of R403Q porcine fibers under relaxing conditions (pCa 8) without and 

with mavacamten and the difference in intensities (top panel). Diffraction patterns of R403Q 

porcine fibers under contracting conditions (pCa 4) without and with mavacamten and the 

difference in intensities (bottom panel).  (F) Mavacamten decreases the equatorial intensity ratio, 

I1,1/1,0, of R403Q porcine fibers under relaxing conditions.  (G) Mavacamten decreases the 

equatorial intensity ratio, I1,1/1,0 , of R403Q porcine fibers under contracting conditions.  (H) SRX 

measurements with skinned cardiac fibers from R663H human hearts in the presence and 

absence of mavacamten.  (I) The percentage of SRX with and without mavacamten in the R663H 

human cardiac fibers. Error bars denote s.e.m. 
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