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Biophysical properties of human b-cardiac myosin
with converter mutations that cause
hypertrophic cardiomyopathy
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Hypertrophic cardiomyopathy (HCM) affects 1 in 500 individuals and is an important cause of arrhythmias and
heart failure. Clinically, HCM is characterized as causing hypercontractility, and therapies are aimed toward
controlling the hyperactive physiology. Mutations in the b-cardiac myosin comprise ~40% of genetic mutations
associated with HCM, and the converter domain of myosin is a hotspot for HCM-causing mutations; however, the
underlying primary effects of thesemutations onmyosin’s biomechanical function remain elusive.We hypothesize
that thesemutations affect the biomechanical properties of myosin, such as increasing its intrinsic force and/or its
duty ratio and therefore the ensemble force of the sarcomere. Using recombinant human b-cardiac myosin, we
characterize the molecular effects of three severe HCM-causing converter domain mutations: R719W, R723G, and
G741R. Contrary to our hypothesis, the intrinsic forces of R719W and R723G mutant myosins are decreased com-
pared to wild type and unchanged for G741R. Actin and regulated thin filament gliding velocities are ~15% faster
for R719W and R723Gmyosins, whereas there is no change in velocity for G741R. Adenosine triphosphatase activ-
ities and the load-dependent velocity change profiles of all three mutant proteins are very similar to those of wild
type. These results indicate that the net biomechanical properties of human b-cardiac myosin carrying these
converter domain mutations are very similar to those of wild type or are even slightly hypocontractile, leading
us to consider an alternative mechanism for the clinically observed hypercontractility. Future work includes
how thesemutations affect protein interactionswithin the sarcomere that increase the availability ofmyosin heads
participating in force production.
INTRODUCTION
Hypertrophic cardiomyopathy (HCM) is themost frequently occurring
inherited cardiac disease, affecting more than 1 in 500 individuals (1),
and 10% ofHCMpatients develop fatal arrhythmia and/or heart failure
(2). It is characterized by left ventricular hypertrophy in the absence of
predisposing conditions (for example, aortic stenosis, hypertension),
ultimately causing decreased left ventricular chamber volume and ob-
structive physiology during systole. In 1990, Geisterfer-Lowrance et al.
(3) reported a missense mutation, R403Q, in the b-cardiac myosin
heavy chain gene (MYH7) in a cohort of HCMpatients, and since then,
hundreds of different mutations in not only myosin but also other sar-
comeric proteins [for example, myosin binding protein-C (MyBP-C),
troponin I, and cardiac actin] have been identified. It is estimated that
missense mutations in the b-cardiac myosin heavy chain (MyHC) are
responsible for ~40% of cases of genotype-positive HCM (4, 5). The
principle pathology is manifested at the level of the ventricle in HCM
(6), and the conventional view is that HCMmutations result in hyper-
dynamic cardiovascular physiology that is often seen as a supranormal
ejection fraction (EF) on echocardiograms (7, 8). However, the molec-
ular mechanisms that determine how missense mutations in the hu-
man b-cardiac MyHC cause the hypercontractile phenotype remain
unclear. In particular, although there has been more understanding
of secondary cellular events that occur during the hypertrophic pro-
cess, the primary effect of the mutations on the function of the sarco-
meric contractile proteins is largely unknown.Hence, there is a paucity
of the knowledge that is essential for the development of new thera-
peutic treatments for this deadly disease, as well as for predicting the
phenotypic outcomes in this heterogeneous patient population.

To understand the primary effect ofHCMmutations, we focused on
the molecular parameters of the contractile properties at the sarcomere
level andmeasured the effect of HCM-causingmutations using in vitro
reconstituted systems. These parameters include the following: (i) the
intrinsic force (Fintrinsic) ofmyosin, which can be increased or decreased
by mutations that change the spring constant of the elastic element of
the motor; (ii) the duty ratio of the myosin, which is the fraction of
myosin bound to actin in a force-producing state in the sarcomere at
any moment during systole, estimated from the time myosin spends
strongly bound to actin (termed ts) divided by the total actin-activated
myosin adenosine triphosphatase (ATPase) cycle time (tc) [the duty
ratio can be changed in more than one way, such as a change in the
adenosine 5′-diphosphate (ADP) release rate (which determines ts)
or the weak-to-strong transition time (which determines tc).]; and
(iii) the velocity of actin displacement by an ensemble of myosin mo-
lecules, which is related to the stroke size (d) divided by the timemyosin
spends on actin (ts). Finally, the force produced by a given sarcomere
can be expressed as the ensemble force (Fensemble), which is the effective
force produced by a given sarcomere, expressed as a function ofFintrinsic,
the duty ratio of themyosin, and the total number of functionally avail-
able myosin heads overlapping with the actin in the sarcomere (Na):
Fensemble = Fintrinsic(ts/tc)(Na). The experimental setups for measuring
these parameters have been rigorously explored previously (9–11).
Our overall hypothesis has been that HCM-causing mutations in-
crease one ormore of these parameters and thereby increase the power
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output of the cardiac muscle, which is the Fensemble times the velocity
of contraction.We (10–13) and others (14, 15) have proposed that such
changes serve as the initial trigger for thepathologic hypertrophic process.

Early studies using reconstituted systems used mouse a-cardiac my-
osin as a model system. Those studies showed considerable increases in
eitherATPase activity, velocity of actin filament gliding in in vitromotility
assays, or Fintrinsic (14, 15), and hypercontractility was easily explained by
the significant increases in these fundamental parameters. However,
more than 80 residues are different betweenmousea-cardiac andhuman
b-cardiac myosin; it has been reported that the same HCM mutation
(R403Q) caused different mechanochemical effects on cardiac myosin
depending on themyosin isoform inmouse (16), and there is a significant
functional difference between human a-cardiac and b-cardiac myosin
(11). Thus, it is important to examine the effects of the HCMmutations
in the proper backbone, by using human b-cardiac myosin. Recent stu-
dies using human b-cardiac myosin carrying the R453Cmutation (10) or
the R403Q mutation (12) failed to show these large changes in the same
parameters, and whether the net result of the changes observed was
contributing to a hypercontractile or hypocontractile state was difficult to
assess. Meanwhile, two mutations in human b-cardiac myosin that are as-
sociated with early-onset (pediatric) HCM (H251N andD239N) showed a
marked increase in mechanochemical function, including ATPase activity,
actin gliding velocity, and intrinsic force (17), making a case that hypercon-
tractilitymanifests at themolecular level, leading to severeHCMphenotype.

Because early-onset HCMmutations are relatively rare, further in-
vestigation of more commonly occurring mutations that typically re-
sult in adult HCM is necessary to strengthen the argument that HCM
mutations result in hypercontractility at the fundamental molecular
level. We therefore sought to examine these fundamental parameters
for human b-cardiac myosins carrying mutations in the converter
region of the molecule, which is a hotspot for HCM mutagenesis (18).
To date, every variant known in the converter region in the human pop-
ulation results in HCMpathogenesis (18), which is not true of any other
region on the myosin molecule. Generally, HCM-causing mutations in
the converter have been reported to result in worse clinical outcomes,
whereas a wide range of phenotypes have been observed (19, 20). Prior
studies usingmammalian andDrosophilamusclemyosin showed that the
converter is involved indetermining the stiffness of the cross-bridgebound
to the actin filament (21) and, therefore, the intrinsic force–generating
ability of the head. Converter movement is coupled to adenosine 5′-
triphosphate (ATP) hydrolysis, phosphate (Pi) release, and the force-
generating event (22, 23). Furthermore, converter movement is coupled
to load-dependent ADP release, and thusADP affinity could be changed,
which would affect the maximum velocity of the motor, the duty ratio,
and, hence, the net Fensemble (22–25). Thus, the converter is pivotal in
transducing the energy of ATP hydrolysis to the stroke of the lever
arm and force production, and one might suspect that Fintrinsic or
one of the other fundamental parameters would show significant in-
creases compared to wild type (WT). Interestingly, this is not what we
have found, as shown in this report, and our results suggest that we
need to rethink the molecular basis for the clinically observed hyper-
contractility caused by myosin-based HCM mutations.

Three HCM mutations were selected for this study: R719W is a
mutation found in the early days of HCM genetics and has been
characterized to be one of the most lethal mutations in MYH7, the
gene encoding the b-cardiac MyHC (26). R723G is a mutation first
reported in families in Barcelona who manifested progressive heart
failure as well as sudden death (27). G741R is also one of the longest
recognized mutations found in multiple families (28). Prior studies
Kawana et al. Sci. Adv. 2017;3 : e1601959 10 February 2017
have shown that slow skeletal muscle fibers from soleus, which use
the same human b-cardiac MyHC as the heart, albeit different light
chains, containing the R719Wmutation fromHCMpatients showed
increased isometric force, increased stiffness in rigor, and increased
ATPase activity, but no change in kinetics of active cross-bridge cycling
(21, 29). A mouse model harboring the R719Wmutation in a-cardiac
myosin, generated by the Seidman group (30), was shown to have ac-
tivation of proliferative and profibrotic signals in nonmyocyte cells that
promotes pathological remodeling leading to HCM (30). The R723G
mutation has been studied using human skeletal muscle biopsy
samples and showed similar changes, whereas there was no change
in ATPase activity (29). These mutations are also known to cause var-
iable calcium sensitivity (31). A recent study by Kraft et al. (32) showed
that in mechanically isolated human cardiomyocytes from biopsy
samples with the R723Gmutation, maximum force was significantly
lower and Ca2+ sensitivity was unchanged. Conversely, R723G mu-
tant soleus fibers showed significantly higher maximum force and
reduced Ca2+ sensitivity than controls. These discrepancies were specu-
lated to be due to the changes in protein phosphorylation in different
muscle types (32). G741R myosin was also studied from human soleus
fibers and showed decreased velocity and force production (33), whereas
a study using amousemyoblast cell line showed increased tetanic fusion
frequency without significant impact on the contractile kinetics (34).
These previous studies suggest that there is a significant impact on my-
osin function when converter domain residues are altered (22–25, 35),
although conclusions are variable and complicated by differences in light
chain composition, the isoform that is being studied, posttranslational
modifications, disease state of the tissue used, and so forth. To date,
there has been no report studying the effect of converter domain mu-
tations on biomechanical properties ofmyosin function using purified
human b-cardiac myosin. Here, we report the primary effects of these
mutations in the converter domain of human b-cardiac myosin on
fundamental parameters of power output using homogeneous,
expressed, and purified human b-cardiac short subfragment 1 (sS1),
the motor domain of myosin. Our approach enables the direct com-
parison of WT and HCM mutant forms of human b-cardiac myosin
and eliminates the background variability inherent in using patient-
derived samples that may contain nonsynonymous variants (36).
RESULTS
The intrinsic forces of R719W and R723G human b-cardiac
sS1s are slightly decreased, whereas G741R shows no
change compared to WT myosin
For all of our experiments, we used the purified sS1 construct of hu-
man b-cardiac myosin from residues 1 to 808 (Fig. 1A and fig. S1A),
which contains the catalytic domain and a short lever arm with only
the human b-cardiacmyosin essential light chain (ELC) and is known
to be the motor domain of the molecule (37–39). The same construct
was used previously in other mutational studies of HCM (10–12).

For reasons outlined in the introduction, we expected that the
converter mutations R719W, R723G, and G741R (Fig. 1, A and B)
might cause an increase in Fintrinsic of the human b-cardiac sS1 and
thereby explain the clinical hypercontractility caused by HCM mu-
tations.We used a single-molecule laser trap (9, 10, 12) tomeasure the
intrinsic forces of the three converter HCM mutations compared to
the WT human b-cardiac sS1 (see Materials and Methods).

The force data were analyzed by multiple methods to confirm that
the comparison of force-producing ability between WT and mutants
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is unbiased (see Materials and Methods). Figure 1C shows the sum-
mary of average Fintrinsicmeasurements for the three converter domain
mutant proteins and WT. Compared to WT, R719W and R723G
showed ~15 to 30% reduction in Fintrinsic, whereas there was no signif-
icant difference for G741Rhuman b-cardiac sS1. An alternativeway to
approach the data is to look at the cumulative probability distribution
of all individual intrinsic forcesmeasured (Fig. 1D). Thismeasures the
probability of occurrence of any particular force event; for example, at
a cumulative probability distribution of 0.5, the intrinsic force value
was lower for R719W and R723G than for WT, suggesting that single
molecules ofR719WandR723Garemore probable to generate a lower
intrinsic force than WT. Thus, these changes would contribute to ei-
ther no change (G741R) or a small hypocontractility contribution
(R719W and R723G) toward power output.

ATPase activity was not affected by the converter
domain mutations
Next, we compared the actin-activated ATPase activity of recombi-
nant sS1 carrying the converter domain mutations with that of WT
human b-cardiac sS1 (for example, see Fig. 2A and fig. S1, B and C).
The actin-activated myosin ATPase activity of each mutant myosin
was normalized to the WT myosin from protein preparations made
simultaneously to minimize the effect of variability between protein
batches (Fig. 2B). All three mutations showed no significant change
in the maximal rate of actin-activated myosin ATP hydrolysis (kcat)
(Fig. 2B and fig. S2), and there were no significant differences in Km

for actin for any of the mutants (20 to 30 mM actin). The inverse of
Kawana et al. Sci. Adv. 2017;3 : e1601959 10 February 2017
kcat defines the overall cycle time tc. Together, the tc of the ATPase
cycle was unchanged with the converter domain mutations. Thus,
both the Fintrinsic and ATPase measurements for the three converter
HCM mutations failed to reveal changes in parameters that could
account for the hypercontractility seen clinically for myosin-based
HCM mutations.

Actin and regulated thin filament gliding velocities were
faster in R719W and R723G human b-cardiac sS1 and
unchanged in the G741R myosin
Because power output is the product of Fensemble and velocity, we next
assessed themechanical property of themyosinswithHCMmutations
using the in vitro motility assay, where sS1 was anchored to surface-
attached PDZ domain peptides that bind tightly to an eight-residue
affinity clamp sequence on the C terminus of the sS1 (see Materials
and Methods). A significant increase in velocity by the mutant pro-
teins could offset the apparent small decrease in Fensemble, resulting
in a net increase in power output.We thereforemeasured the velocities
of actin filaments and regulated thin filaments (RTFs; consisting of
actin saturatedwith the tropomyosin-troponin complex) gliding along
surfaces coated with the various myosin preparations.

The actin/RTF filaments were tracked using the previously re-
ported FAST (Fast Automated Spud Trekker) program (11). FAST
enables tracking and analysis of hundreds of actin filaments and pro-
vides a plot of filament length-velocity relationships as well as histo-
grams (for example, see Fig. 3A). Here, we focus on three parameters:
the top 5% of velocities for each myosin preparation (TOP5%), the
mean velocity (MVEL), and the percent of the filaments that are mo-
bile (% mobile) (see Materials and Methods).

R719W and R723G human b-cardiac sS1 showed ~12 to 15% in-
crease in TOP5% gliding velocity, whereas no significant difference
was observed for the G741R sS1 (Fig. 3B). However, when MVEL
was calculated, R719W human b-cardiac sS1 no longer showed an
increase compared to WT, whereas R723G still retained a small
~5% increase in velocity for actin and for RTF (fig. S3).

The difference between the TOP5% and MVEL levels are likely
explained by the difference in the amount of stuck filaments for each
mutant, which is plotted as percent mobile filaments in Fig. 3C. The
motility surface of the R719W mutant showed significantly more
stuck filaments thanWT (and hence, less percent mobile filaments),
adding more drag force to moving filaments. Whereas the R719W
showed faster velocity when we only scored the fastest moving fila-
ments (that is, TOP5%), which are least affected by the drag force
Fig. 1. Structure of a homology-modeled human b-cardiac sS1 domain and in-
trinsic force measurements for the three converter domain HCMmutant forms
of the protein. (A) Structure of the homology-modeled (see Materials and Methods)
human b-cardiac sS1 containing residues 1 to 808 of the MyHC (dark gray) and the
ELC (beige) based on the structure of Winkelmann et al. (56). Positions of the HCM
mutations R719W (blue), R723G (red), and G741R (green) in the converter domain
(white). (B) Blowup of the converter domain shown in (A), with all residues shown in
stick form except for the three mutated residues. (C) Intrinsic force measurements
using a dual-beam laser trap. More than three independent protein preparations
were made for each mutant and for WT human b-cardiac sS1; 800 to 900 binding
events of six to seven individual molecules were analyzed. P = 0.0067, one-way
analysis of variance (ANOVA). The error bars show the SEM. (D) Cumulative prob-
ability distributions from the same intrinsic force measurements shown in (C).
Fig. 2. Actin-activated ATPase activity of recombinant human b-cardiac sS1
with mutations in the converter domain compared with WT human b-cardiac
sS1. (A) Representative actin-activated sS1 ATPase curves. (B) Mutant human
b-cardiac sS1 kcat values relative to WT (error bars: 95% confidence interval).
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from stuck filaments, the average velocity (that is, MVEL) taken from
the entire histogram is brought down by the presence of this drag force
to a level similar to WT. The important conclusions from the above-
mentioned data are that all the abovementioned changes are small
and vary from slightly hypocontractile to slightly hypercontractile con-
tributions and that it is not possible to explain the clinical hypercontrac-
tility seen in HCM patients by the changes in these parameters.

Note that all of the abovementioned studies were carried out with
pure populations ofmutant orWTproteins, whereas patients carrying
these mutations are heterozygous. It was previously reported that
HCM patients with R719W and R723G mutations express ~70% of
mutant protein in their cardiomyocytes (40). Thus, it is possible that
one would observe significant alterations in, for example, the velocity
of actin filament movement if mixtures of mutant and WT proteins
were examined. Although we observed a dose-dependent increase in
the velocity of gliding filaments as the percent of R719W and R723G
mutant proteins was increased, there were no marked cooperative
effects seen (Fig. 3D). Rather, themixtures showed velocities that were
near those expected by weight-averaging the velocities of the mutant
andWT proteins, with perhaps a slightly higher influence by the WT
human b-cardiac sS1 for theR719W/WTmixtures and a slightly higher
influence by the G741R human b-cardiac sS1 for the G741R/WT
mixtures (Fig. 3D).

The three converter HCM human b-cardiac sS1 proteins
showed load-dependent velocity change profiles
that are very similar to WT
The abovementioned velocity experiments were carried out under
“unloaded” conditions, meaning that there was no additional load applied
to the myosin in the in vitro motility assays. However, in cardiovascular
Kawana et al. Sci. Adv. 2017;3 : e1601959 10 February 2017
physiology, the heart is always operating under varying amounts of preload
and afterload, and we therefore compared the behaviors of the three
converter HCM mutant human b-cardiac sS1 proteins to WT human
b-cardiac sS1 using a loaded in vitro motility assay.

Thus, we added to themyosin-coated surface varying amounts of a
recombinant protein that binds to actin and places a load on the my-
osin (11). The loaded in vitro motility assay shows a relationship be-
tween filament velocity and the concentration of load molecule that
relates to the force-velocity relationship of contracting muscle. As a
loading molecule, we used a utrophin construct with the same eight-
residue C-terminal affinity clamp tag that is at the C terminus of the
sS1 construct (11, 12). At zero utrophin concentration, the actin fila-
ments glide at their maximal velocity, because there is no additional
load on the myosin. As the concentration of the utrophin increases,
the velocity of filaments decreases. The differences in the degree
change in velocity intuitively correspond to the differences in ensem-
ble force produced by themyosinmolecules on the surface; the higher
the ensemble force, the less effect is seen by the utrophin load mole-
cule. The concept of a loaded in vitro motility assay has been used in
characterizing the ensemble force of motor proteins for many years
(11, 12, 41, 42).

Figure 4 shows the loaded motility assay applied to the three
converter domain mutant proteins and WT, using either actin or
RTF as gliding filaments. Each curve represents the compilation of
2 to 11 experiments from each of two to five fresh protein prepara-
tions, where a fresh preparation of the WT human b-cardiac sS1 was
made simultaneously with every mutant protein preparation so they
could be compared under identical preparation and experimental
conditions. The marked result is that, perhaps with the exception
of the R723G human b-cardiac sS1 driving RTF gliding, the curves
Fig. 3. In vitromotility data for the threemutant human b-cardiac sS1 proteins compared toWT. (A) An example of automatic analysis of an in vitro motility movie with
FAST (11) (available for download at http://spudlab.stanford.edu). Scatterplot of actin filament velocities as a function of filament length (gray, all velocity points for each
filament; blue, maximum velocity of each filament). The dashed line indicates the TOP5% of filament velocities. At the top right, two histograms of velocities are shown: a
histogram of all filament velocities with its MVEL marked as a black line and a histogram of velocities with tolerance filtering to eliminate intermittently moving filaments
with a velocity dispersion higher than 20% of their mean within a five-frame window (MVEL20). At the bottom right, the effects of various levels of tolerance filtering on the
TOP5% and the MVELs are shown. (B) The TOP5% velocities relative to WT for gliding actin filaments (left) or RTFs (in 10−5 M Ca2+) (right) driven by the three mutant
human b-cardiac sS1 proteins. Each mutant protein was normalized against its matching WT protein prepared and assayed on the same days. Each bar graph is a mean of
relative velocity (error bars represent ±95% confidence interval). (C) The percent mobile filaments for the velocity measurements using WT and mutant human b-cardiac
sS1 proteins, for actin (left) and RTFs (right). Data are presented as means ± SEM. (D) In vitro motility assays with mixtures of WT and mutant protein at varying ratios.
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are nearly identical between the mutant proteins andWT, in keeping
with the very small changes in Fintrinsic, kcat, and unloaded velocities
described above. Thus, unexpectedly, the fundamental parameters for
power output that we report here for the converter mutant human
b-cardiac sS1 proteins are very similar to the WT human b-cardiac
sS1, and we are driven to consider a different molecular basis for hy-
percontractility for myosin-based HCM mutations (see Discussion).
DISCUSSION
The conventional view on clinical hypercontractility resulting from
HCM mutations is emphasized by the work of Ho and colleagues
(7) on patients who carry known HCM mutations but have nor-
mal left ventricular thickness and left ventricular size (so-called
genotype+/phenotype− individuals). These patients show a combi-
nation of diastolic dysfunction and increased ejection fraction, as
measured by echocardiography with two-dimensional (2D) tissue
Doppler imaging (7), suggesting that the increase in ejection frac-
tion could not be attributed to a decrease in stroke volume, which is
commonly seen in more advanced patients who manifest left ven-
tricular hypertrophy and decrease in left ventricular chamber size.
Hence, it is generally thought that HCM mutations result in gain of
function. This idea is further supported by the recent development
Kawana et al. Sci. Adv. 2017;3 : e1601959 10 February 2017
of a small molecule that inhibits cardiac myosin’s ATPase activity
and that had a clear benefit in preventing the occurrence of hyper-
trophy in three mouse models of HCM (43). This molecule is cur-
rently being investigated in a phase 2 clinical trial, and the initial
phase 1 trial data suggest that the drug is well tolerated and results
in decreased contractility and a modest reduction in left ventricular
outflow tract gradient due to septal hypertrophy (result presented in
American Heart Association Scientific Sessions 2016).

The converter domain is the most frequently occurring domain
for HCMmutations within the entire myosin molecule (18, 19), and
its function has important implications in force generation, load-
dependent ADP release, ATP hydrolysis, and Pi release. Our exam-
ination of the relevant biochemical and biophysical parameters for
three key converter domain HCM mutations, R719W, R723G, and
G741R, showed that R719W and R723G both showed significant,
but small, reductions in Fintrinsic and increases in velocities in the
in vitro motility assay, likely due to a decrease in ts. They also showed
small downward shifts in the loaded in vitro motility assay. The sim-
ilarity in the effect of these two mutations may be explained by the
observation that the aliphatic side chains of both arginines pack
against one another in the second helix of the converter domain
and could disrupt interactions that may be important to the packing
and stabilization of the converter domain (fig. S4). On the other hand,
the G741R mutation had no obvious change measured with the pres-
ent experimental assays, and it appears that themutation has a neutral
effect on the biochemical and biophysical functions of the molecule.
This is surprising from a structural point of view, because introducing
a large side chain like argininemight clashwith adjacent residues P731
and I736 and destabilize the converter domain linking to the lever
arm, on the basis of the structure of the WT human b-cardiac motor
domain (fig. S4). Nonetheless, it is clear functionally at both the mo-
lecular level and the clinical level that thesemutationsmust not grossly
alter the structure-function of the converter because the effects are
small at the molecular level and individuals with this mutation can
remain without clinical symptoms for decades. In an attempt to fur-
ther understand the structural aspects of the effects of thesemutations,
we turned our attention to intramolecular interactions at the converter
domain to see how else these mutations could affect overall bio-
mechanical properties, which is discussed below.

Strikingly, the affected parameters in the present study showed
even smaller magnitudes of change than either R403Q (12) or
R453C human b-cardiac sS1 (10), and the direction of change was,
for the most part, opposite to our hypothesis that HCM mutations
cause gain of function. It should be emphasized that the three muta-
tions in the present study have been associated with a severe clinical
phenotype for many years (26–28), similar to R403Q and R453C. It
can be argued that the hypocontractile changes we describe here could
lead to left ventricular pressure and/or volume overload due to mild
left ventricular systolic dysfunction, leading to compensatory hyper-
trophy (44, 45). It is also important to point out from this study that
the effects of the mutations were variable between different locations
and amino acid changes, even within the same domain of the mole-
cule. Hence, it is possible that the mutations selected for this study do
not result in hypercontractile changes at the sarcomere level, and there
are alternative mechanisms involved in pathogenesis.

Yet, there is one pivotal parameter that has been largely neglected
in studies of HCM mutations: the number of functionally accessible
heads (Na) for interaction with actin.We have recently proposed thatmany,
if notmost, of the knownmyosin-basedHCMmutations cause an increase
Fig. 4. Loaded in vitro motility assays for the three mutant proteins compared
to WT controls. The percent time mobile (11) is a measure of the relative effec-
tiveness of the load molecule utrophin to overcome the Fensemble of the sS1 on
the surface (see Materials and Methods) (11). The effect of utrophin concentration
on the velocity of actin (left) and RTFs (in 10−5 M Ca2+) (right) is shown. For WT
and each mutant protein, ≥5 independent protein preparations and ≥5 separate
sets of curves were combined.
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inNa, which results in an increase in Fensemble, and therefore in hypercon-
tractility seen clinically (46, 47). For reasons described below, we hypothe-
size that the three converter mutations studied here fall into this category.

There aremany studies that demonstrate that striatedmusclemyo-
sins exist both in an open state, with each head [subfragment 1 of
myosin (S1)] available for interaction with actin, and in a closed
state, where the heads are folded back onto their own coiled-coiled
tail [subfragment 2 of myosin (S2)] (Fig. 5A) (48–53). The first folded
structure of this type dates back to 2001 when Wendt et al. (54)
showed for smooth muscle myosin that the “blocked head” (so-called
because its actin-binding face is not accessible for binding to actin)
(Fig. 5B, dark gray head) interacts with the converter domain of the
“free head” (Fig. 5B, light gray head with white converter). Subse-
quently, the same folded structure has been seen in a variety of other
myosins, including skeletal (48) and cardiac (55) myosins, and Fig. 5
shows the tarantula skeletalmyosin structure of Alamo et al. (49), which
we homology-modeled to the human b-cardiac myosin form using the
Winkelmann structure (56), as described in Materials and Methods.

What is striking is what one observes when rotating themolecule in
Fig. 5B 90° to the left about its vertical axis and removing the blocked
head so that, one is looking at the binding interface of the converter
(Fig. 5, C and D). R719 and R723 are on the surface of the binding
interface, and G741 is slightly below the surface where a change to
an arginine is likely to be generally disruptive to the surface architecture
and weaken the shown S1-S1 interaction. The binding interface of the
blocked head is generally negatively charged (47), such that R719 and
R723 seem certainly important for the shown S1-S1 interaction.
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As a precedent for this hypothesis, Oshima et al. (57) showed that
electrostatic interactions between the converter domain and the 50-kDa
domain accounted for the intermolecular and intramolecular head-
head interactions observed in intact resting frog skeletal muscle by
x-ray fiber diffraction. In addition, Nag et al. (47) have provided bio-
chemical experimental evidence for an interaction between sS1 and the
proximal region of the S2 coiled-coil tail, as well as with the C0-C2
domain of MyBP-C, both hypothesized to be occurring on the other
side of the folded molecule from that shown in Fig. 5B. Nag et al. (47)
further showed that these interactions are weakened as a result of my-
osinHCMmutations on themyosinmesa, in amanner consistentwith
the structural model shown in Fig. 5.

Thus, our futurework on these and other convertermutations, near-
ly all of which are near the S1-S1 binding interface (47), will be to ex-
perimentally explore our hypothesis that the converterHCMmutations
are generally weakening the S1-S1 interaction, causing an increase inNa

and therefore causing the hypercontractility observed clinically. It will
also be important to extend our studies to more physiological, two-
headedmotor species that retain regulatory elements, such as the phos-
phorylatable regulatory light chain, as these species may conceivably
behave differently from the sS1 motor domain we have studied to date.
MATERIALS AND METHODS
Myosin constructs and protein expression
Human b-cardiac myosin S1s with three converter domain mutations
(R719W, R723G, and G741R) were constructed and produced using a
Fig. 5. Homology-modeled structures of human b-cardiac short heavy meromyosin (MyHC ending at residue 961) in the open and closed states. (A) Illustration
of the equilibrium between open and closed states. (B) The closed state, shown enlarged and slightly rotated to the left about its vertical axis compared to that in (A).
The interface of the blocked head (dark gray) and the converter (white) of the free head (light gray) is seen from the side. (C) Face-on view of the converter domain
surface involved in the S1-S1 interaction. This view was obtained by rotating the molecule in (B) 90° to the left about its vertical axis and removing the blocked head
from the image. (D) Blowup of the binding interface of the converter in (C), showing the positions of the three converter domain HCM mutations studied here.
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modified AdEasyVector system (Qbiogene Inc.). The cloning, expres-
sion, and purification methodologies are described in detail elsewhere
(10, 12). Briefly, complementary DNA (cDNA) for MYH7 (human
b-cardiacMyHC) andMYL3 (humanventricular ELC)was purchased from
OpenBiosystems (Thermo).A truncated version ofMYH7 (residues 1 to
808), corresponding to sS1, followed by a flexible GSG (Gly-Ser-Gly)
linker was made with either a C-terminal enhanced green fluorescent
protein (eGFP) linker (for ATPase and single-molecule optical trapmea-
surements) or a C-terminal eight-residue (RGSIDTWV) PDZ binding
peptide (for motility and ADP release experiments) and was coexpressed
with human ventricular ELC containing an N-terminal FLAG tag
(DYKDDDDK) and tobacco etch virus (TEV)protease site inmousemy-
oblast C2C12 cells (fig. S1A). Purified fractions were stored in column
buffer [10mM imidazole, 4mMMgCl2, 1mMATP, 1mMdithiothreitol
(DTT), and ~200 mM NaCl] containing 10% sucrose and were flash-
frozen in liquidnitrogenbefore storage at−80°C.Frozenproteins exhibited
similar ATPase and motility properties as compared to their fresh coun-
terparts. Before any experiment, the myosin constructs were exchanged
into the appropriate buffer conditions using Amicon centrifugal filter
units (Millipore) followed by centrifugation at 350,000g for at least 10 min
to remove any aggregated protein.

Additional protein purification
Chicken and bovine a-cardiac actin were prepared from muscle ace-
tone powders, using slight modifications of previously described
protocols (58). In addition, we used purified bovine G-actin provided
byMyoKardia Inc. After preparation, actin was stored in its F form in
2 mM tris (pH 8), 50 mM KCl, 0.2 mM CaCl2, 2 mM ATP, 2 mM
MgCl2, 1 mMDTT, and 0.02% sodium azide. Actin was freshly cycled
fromG- to F-actin for each assay and used only for up to a week before
being recycled again. For optical trap measurements, biotin-labeled
rabbit skeletal G-actin was purchased from Cytoskeleton. F-actin was
stored at 4°C, and G-actin was frozen at −80°C for future use. ATPase
experiments were done with chicken skeletal actin, and motility assays
were done with a-cardiac actin.

Full-length human gelsolin was expressed and purified on the basis
of previous methods (10, 59). Final fractions of gelsolin were dialyzed
into bufferD (59), flash-frozen in liquid nitrogen, and stored at−80°C.

Tropomyosinwas purified frombovine cardiac tissue according to the
protocol of Smillie (60) with modifications described by Sommese et al.
(61). Purified tropomyosinwas dialyzed in 20mM imidazole (pH 7.5),
300mMKCl, and 1mMDTTbefore flash-freezing and storing at−80°C.

Human adult cardiac troponin subunit (TNNT2, TNNI3, and
TNNC2) expression and purification were based on previously pub-
lishedmethods (12, 61–63). TnT, TnI, andTnCwere purified and stored
in storage buffer containing 20mM imidazole (pH 7.5), 1MKCl, 1 mM
MgCl2, and 1 mM DTT. These proteins were then flash-frozen and
stored at −80°C for future use. Troponin complexes were formed
according to Szczesna et al. (64) with slight modifications. Components
were mixed at a molar ratio of 1.3:1.3:1 (TnI/TnT/TnC) for 1 hour on
ice. Complexes were then dialyzed at 4°C in six sequential steps into
complex buffer [20 mM imidazole (pH 7.5), 2 mM MgCl2, and 1 mM
DTT] containing 0.7, 0.5, 0.3, 0.1, and 0.01MKCl twice, for 6 to 12hours
each. Complexes were flash-frozen in complex buffer before storing
them at −80°C. The cDNAs for human adult cardiac TnI, TnC, and
TnT in carbenicillin-selective pET-3d plasmids were obtained from
J. Potter (University of Miami).

For all experiments involving the RTFs, RTFs were formed by
mixing excess tropomyosin and troponin complex to actin on ice and
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then incubating for at least 1 hour before use. The finalmolar ratiowas
7:2:2 of actin/tropomyosin/troponin for all experiments.

Mouse utrophin with an eight-residue (RGSIDTWV) C-terminal
PDZ binding peptide was expressed in bacterial cells, as previously
published (11). The purified protein was concentrated and dialyzed
overnight against 150mMNaCl, 25mM tris, and 1mMDTT (pH8.0)
at 4°C before flash-freezing in liquid nitrogen and storing at −80°C.

The SNAP-PDZ18 fusion construct was expressed in bacterial cells
as previously described (11). Eluted protein was concentrated, and
the buffer was exchanged to 150 mM NaCl and 25 mM tris (pH 8.0).
The purified protein was flash-frozen in liquid nitrogen and stored
at −80°C.

Actin-activated ATPase assay
For actin-activated ATPase, gelsolin was added to actin at a ratio of
1:500. Gelsolin at this concentration was used to decrease the viscosity
of the actin and to thereby decrease pipetting error and allow higher
concentrations of actin to be used. Actin-activatedATPase assayswere
then performed as previously described using a colorimetric readout
(65). Briefly, sS1was diluted to a final concentration of 0.07 to 0.15 mM
(with four times as much for the basal myosin ATPase control in the
absence of actin to amplify the signal), with 2 mM ATP and actin at
concentrations ranging from 0 to 125 mM. The final buffer conditions
were 10mM imidazole (pH 7.5), 5 mMKCl, 4 mMMgCl2, and 1 mM
DTT. The reactionwas performed at 23°Cwith shaking using a Thermo
Scientific Multiskan GO, and four to five time points were taken for
each concentration. The sS1 activity was linear over the time period of
the assay, and hence, an ATP-regenerating system was not necessary.
Basal activity (<0.2 s−1) was subtracted to get actin-activated ATPase
activity. The Michaelis-Menten equation was fit to the data to deter-
mine the maximal activity (kcat) and the associated actin constant for
myosin (Km) using Prism 6 (GraphPad Software Inc.). All of the
experiments were done using sS1 with a FLAG tag on the ELC, as pre-
viously described (10, 12), except for R723G which was assayed with
and without the FLAG tag to check whether the presence of the FLAG
tag had any effect on the kcat of the sS1. The FLAG tag was removed
during the purification process by adding TEV protease to cleave the
myosin that was bound to the FLAG resin. The sS1 was then purified
by high-performance liquid chromatography. No significant dif-
ference was seen between the sS1 with the FLAG tag and the sS1 with-
out the FLAG tag (fig. S2).

Unloaded and loaded in vitro motility
The basic method followed our previously described motility assay
(66), with some modifications. Coverslips (VWR micro cover glass)
were coated with a mixture of 0.2% nitrocellulose (Ernest Fullam
Inc.) and 0.2% collodion (Electron Microscopy Sciences) dissolved in
amyl acetate (Sigma) and air-dried for a few hours before use. Perma-
nent double-sided tape (Scotch) was used to construct four channels in
each slide (Gold Seal), and four different experiments were performed
on the same slide. In general, both WT and mutant protein(s) were
studied on the same slide to minimize variability in slide preparation
for measurement of unloaded motility. For loaded in vitro motility as-
says, two to three slides were used under 8 to 12 different concentra-
tions of utrophin to obtain a full curve with each run of an experiment.

Tenfoldmolar excess of F-actin was added in the presence of 4mM
ATP, incubated for 10 min, and sedimented at 350,000g for 20 min
(termed “deadheading”) to reduce the number of partially inactivated
myosin heads in S1 preparations.MgCl2 was added to 50mM(to form
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F-actin paracrystals) and incubated for 20 min (with mixing by
pipetting at 10 min), and the mixture was resedimented at 350,000g
for 30 min to eliminate sS1 that remained bound to the actin and the
residual actin in the supernatant. The supernatant was collected, and
the sS1 concentration was measured using the Bradford reagent (Bio-
Rad). Amock cleanup procedure containing storage buffer, actin, and
MgCl2 without sS1 was also performed simultaneously and was used
as blank for more accurate concentration determination of sS1. The
quality of the sS1 cleanup was assessed by the percentage of stuck
filaments under unloaded conditions. We repeated the sS1 cleanup
procedure until the percentage of stuck filaments dropped below
10%. The amount of deadheads removed by this procedure was
not significantly different between the WT and mutant motors.
Before any experiments, deadheaded sS1 was diluted in 10% ABBSA
{assay buffer (AB) [25 mM imidazole (pH 7.5), 25 mM KCl, 4 mM
MgCl2, 1 mM EGTA, and 1 mM DTT] with bovine serum albumin
(BSA) (0.1 mg/ml) diluted in AB}, unless otherwise stated.

Formotility experiments, reagents were sequentially flowed through
the channels in the following order: (i) 10 ml of 3 mM SNAP-PDZ18 di-
luted in AB and incubated for 2 min; (ii) 30 ml of ABBSA to block the
surface fromnonspecific attachments, incubated for 2min; (iii) 10 ml of a
mixture of eight-residue (RGSIDTWV)–taggedhuman cardiac S1 (~0.05
to 0.1mg/ml for actinmotility and0.1 to 0.2mg/ml forRTFmotility) and
utrophin at desired concentrations, incubated for 5 min (before mixing
sS1 and utrophin, sS1 andutrophin dilutionswere prepared in 10%ABBSA;
forunloadedmotility, utrophinwas skipped in this step); (iv) 30ml ofABBSA
towash any unattached proteins; and finally, (v) 10 ml of theGO solution
{1 to 5 nM bovine actin labeled with tetramethylrhodamine (TMR)–
phalloidin (Invitrogen), 2mMATP (Calbiochem), an oxygen-scavenging
system [0.2% glucose, glucose oxidase (0.11 mg/ml; Calbiochem), and
catalase (0.018 mg/ml; Calbiochem)], and an ATP regeneration system
[1 mM phosphocreatine (Calbiochem) and creatine phosphokinase
(0.1 mg/ml; Calbiochem)]} in ABBSA.

For RTF motility experiments, a higher salt concentration was
necessary to avoid aggregation of RTF in solution. We also attached
the RTF with myosin on the surface in the absence of ATP, and then
myosin was activated by the addition of a saturating concentration of
ATP. Thus, after attaching themyosin at step (iii), themotility surface
was washed with AB that contained 100 mM KCl, followed by the
addition of RTF dilution in ABBSA containing 100 mM KCl, 5 mM
CaCl2, 100 nM excess tropomyosin and troponin complex, and 1 to
5 nMTMR-phalloidin–labeled RTF. After 5 min of RTF binding, the
surface was washedwithABBSAwith 25mMKCl to bring the salt con-
centration down. Final GO solution included AB (25 mMKCl), 5 mM
CaCl2, 100 nM excess tropomyosin/troponin complex, and an oxygen-
scavenging system as described above, and thus, the motility was done
at the same salt concentration as in the actin experiment. The RTFmix-
ture was made at least 1 hour before the motility was measured by
mixing TMR-phalloidin–labeled bovine actin/bovine tropomyosin/
human troponin complex in a 7:2:2 ratio [3.5 mM actin, 1 mM tropo-
myosin, 1 mM troponin, and BSA (1 mg/ml)].

For all experiments, movies were obtained at 23°C, at a frame rate
of 1Hz using aNikonTi-E invertedmicroscopewith theAndor iXon+
EMCCDcameramodelDU885.All experimentswere repeatedwith at
least four different fresh protein preparations. At each condition, at
least three different movies with a duration of 30 s were recorded. Fil-
ament tracking and analysis of movies, both under unloaded and
loaded conditions, were performed by a recently published method,
FAST, as described by Aksel et al. (11).
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Single-molecule optical trap measurements
The dual-beam optical trap instrumentation is described in detail
elsewhere (10, 12). The experimental condition is similar to the one
described in the motility assay. Here, the myosin construct had an
eGFP tag at the C-terminal end for surface attachment through
binding with anti-GFP antibody. Deadheads of purified protein were
eliminated as described before (10). All the experiments were per-
formed at 23°C. The nitrocellulose-coated glass surface of the sample
chamber was also coated with 1.5-mm-diameter silica beads that acted
as platforms. The sequence of steps for preparing the chamber is as
follows: (i) anti-GFP antibody (~0.01 mg/ml) (Abcam) was flowed
through the chamber; (ii) ABbuffer containing BSA (1mg/ml) (ABBSA
buffer) was flowed to block the exposed surface; (iii) the surface with
myosin was sparsely coated with ~50 to 200 pM of human b-cardiac
sS1; (iv) the chamber was washed with AB buffer; and finally, (v)
ABBSA buffer containing 250 to 500 pM ATP, TMR-phalloidin–
labeled biotin-actin filaments, neutravidin-coated polystyrene beads
(Polysciences), and the oxygen-scavenging and ATP regeneration
systems described above was flowed through the chamber. The cham-
ber was sealed with vacuum grease to stop evaporation of the solution.
Neutravidin-coated polystyrene beads (1 mm in diameter) bound to
each end of a TMR-phalloidin– and biotin-labeled actin filamentwere
trapped in two different laser beams. The bead-actin-bead assembly is
known as a dumbbell, which was stretched to remove compliance in
the actin filament and brought close to the bead pedestal on the sur-
face for interaction with myosin. A detailed isometric force measure-
ment procedure is described elsewhere (10, 12). A trap stiffness of
~0.1 pN/nm was used.

Individual force events were collected from several single molecules
of multiple protein purifications. The number of total force events from
individualmolecules on averagewas 30 to 400.We have always observed
that for all of our sS1 constructs, the force distribution is accompanied
with a long tail (10, 12). This phenomenon is commonly reported in the
single-molecule forcemeasurements ofmyosin (67–69), although the ex-
act reason is not known. It is important to take account of the smaller
population of higher-force events in the analysis. Hence, we chose a dou-
ble Gaussian function to fit the force histogram data, and the major first
peak of the fit yielded the intrinsic force of an individual molecule re-
ported here. These intrinsic force values of multiple molecules were
used to calculate the mean force value. Additionally, we have used
cumulative probability distribution analysis (12) to compare the
force-producing ability of different myosins. This method of analysis
takes account of all the events to generate the function. The probability
distribution at any particular force value is calculated by adding up the
number of events to that force value divided by the total number of
events of all force values. This distribution starts from a value close
to 0 at the lowest measurable force to 1 at the maximum force. If
the force-producing ability between two proteins is different, then
the probability value at any force value will be different.

Development of human b-cardiac myosin protein models
We developed our models on the basis of known human b-cardiac
myosin S1 motor domain structural data (56) as described previously
(18). Briefly, we retrieved the protein sequence of human b-cardiac
myosin and the human cardiac light chains from theUniProt database
(70): MyHC motor domain (MYH7)–P12883, myosin ELC (MYL3)–
P08590, andmyosin regulatory light chain (MYL2)–P10916. We used
a multitemplate homology modeling approach to build the structural
coordinates of MYH7 (residues 1 to 840), MYL3 (residues 1 to 195),
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MYL2 (residues 1 to 166), and S2 (residues 841 to 1280). The templates
used to model the poststroke structure were obtained from the human
b-cardiac myosin motor domain (PDB ID: 4P7H; no nucleotide in the
active site) solved by Winkelmann et al. (56), supplemented with the
rigor structure from the squid myosin motor domain (PDB ID code
3I5G, no nucleotide in the active site) (71) to model the converter do-
main, lever arm, and light chains. The S2 region is a long coiled-coil
structure; hence, we used the template from the Myosinome database
(72). Figure 5 shows a homology-modeled folded-back structure of hu-
man b-cardiac myosin from the 3D-reconstructed images of tarantula
skeletal muscle thick filaments by Alamo et al. (49). Modeling was done
using the MODELLER package. Visualizations were performed using
PyMOL version 1.7.4 (www.pymol.org).
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/3/2/e1601959/DC1
fig. S1. sS1 purification and ATPase measurements.
fig. S2. Comparison of kcat (relative to WT) for R723G human b-cardiac sS1 with and without a
FLAG tag on the ELC.
fig. S3. Unloaded MVEL measurements for actin and RTF.
fig. S4. Structure of the part of the converter domain showing G741R (green), R719W (blue),
and R723G (red), neighboring residues whose conflict with the G741R conversion (residues
I736 and P731; magenta) and whose interactions with R719 may be lost by the R719W
conversion.
table S1. Summary of kcat and Km values from actin-activated ATPase assays.
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