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Abstract
The myosin regulatory light chain (RLC) wraps around the alpha helical neck region of myosin. This
neck region has been proposed to act as a lever arm, amplifying small conformational changes in the
myosin head to generate motion. The RLC serves an important structural role, supporting the myosin
neck region and a modulatory role, tuning the kinetics of the actin myosin interaction. Given the
importance of the RLC, it is not surprising that mutations of the RLC can lead to familial hypertrophic
cardiomyopathy (FHC), the leading cause of sudden cardiac death in people under 30. Population
studies identified two FHC mutations located near the cationic binding site of the RLC, R58Q and
N47K. Although these mutations are close in sequence, they differ in clinical presentation and
prognosis with R58Q showing a more severe phenotype. We examined the molecular based changes
in myosin that are responsible for the disease phenotype by purifying myosin from transgenic mouse
hearts expressing mutant myosins and examining actin filament sliding using the in vitro motility
assay. We found that both R58Q and N47K showed reductions in force compared to the wild type
that could result in compensatory hypertrophy. Furthermore, we observed a higher ATPase rate and
an increased activation at submaximal calcium levels for the R58Q myosin that could lead to
decreased efficiency and incomplete cardiac relaxation, potentially explaining the more severe
phenotype for the R58Q mutation.
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Introduction
Familial hypertrophic cardiomyopathy1 (FHC), the leading cause of sudden cardiac death in
people under 30 [1–4], is characterized by myofibrillar disarray and thickening of the left
ventricle, papillary muscles, or septum. Individuals bearing FHC mutations sometimes
experience shortness of breath or chest pain although often sudden cardiac death occurs with
no clinical symptoms. FHC is caused by mutations in cardiac sarcomeric proteins including
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the myosin heavy chain (MHC), the regulatory (RLC) and essential light chains of myosin,
troponins I, T, and C, titin, tropomyosin, actin, and myosin binding protein C (Reviewed in
[3,5]). The clinical presentation and prognosis of the disease depend on the specific mutation.

Several mutations in the myosin regulatory light chain (RLC) have been implicated in FHC
(For reviews, see [1,6]). The RLC wraps around the alpha helical neck of the myosin head by
binding to a 35 amino acid IQ motif on the MHC. The neck region of the MHC has been
proposed to act as a lever arm, amplifying small conformational changes that originate at the
catalytic site in the myosin head into large movements, allowing myosin to generate motion
and force [7]. Furthermore, this neck region has been proposed to serve as the compliant
element in the myosin crossbridge with the RLC playing a structural role, modulating the
stiffness of the lever arm [8]. The RLC also contains a highly conserved phosphorylatable
serine [9–12] that plays an important role in the activation and modulation of myosins
(Reviewed in [13,14]).

In addition to a phosphorylation site, the RLC also contains an N-terminal divalent cation
binding site [15,16]. The absence of bound cation in the RLC binding site has been shown to
alter the structural properties of the RLC and consequently, the contractile properties of the
cation-free myosin [16–18]. Furthermore, binding of nucleotides to the myosin head has been
shown to alter the conformation of the RLC [19]. Given the important role of the RLC in muscle
contraction, one can hypothesize that FHC mutations in the RLC affect myosin mechanics or
kinetics. This report addresses this hypothesis by examining FHC mutant myosins using the
in vitro motility assay.

Two of the FHC associated mutations in the RLC [20–22] that have been identified in
population studies are located either near (R58Q) or at (N47K) the Ca2+ binding site (Fig. 1).
Although these mutations are close to each other in sequence, they differ in both clinical
presentation and prognosis, with R58Q showing a more severe phenotype. N47K has been
associated with rapidly progressing late onset mid-ventricular hypertrophy and papillary
muscle hypertrophy whereas R58Q has been associated with thickening of the left ventricular
wall and multiple cases of sudden cardiac death [20–22]. Studies of isolated RLC and myosin
reconstituted with mutant RLCs have shown that both R58Q and N47K mutations deactivate
RLC for calcium binding however, phosphorylation of R58Q restores this ability [18,23].
While effects of the mutations have previously been studied in muscle fibers [18,24], fibers
are complicated structures, and it is difficult to dissect the mutation dependent changes in the
acto-myosin interaction and how it is regulated by tropomyosin (Tm) and troponin (Tn) at the
molecular level. In this study we examine the phenotypic properties of the R58Q and N47K
mutations at the level of single molecules by utilizing myosin purified from transgenic mice
and employing the in vitro motility assay [25]. We measured the velocity, duty cycle, ATPase
activity, isometric force, and calcium sensitivity of both R58Q and N47K mutant myosins. We
found several differences in the properties of mutant myosins compared to the wild type (WT)
myosin, indicative of the mutation dependent effects in the actin-myosin interaction. Both
R58Q and N47K showed a reduction in isometric force that could result in compensatory
hypertrophy of the heart. Also, based on our data, we hypothesize that the more severe
phenotype of R58Q results from: (1) a decrease in efficiency as evidenced by a higher ATPase
rate with a decrease in force and (2) increased rate of activation at submaximal calcium levels
that could lead to diastolic dysfunction due to incomplete relaxation of the heart.

Materials and Methods
Protein Preparation

Alpha Cardiac myosin was isolated from the hearts of non-transgenic mice (NTg), transgenic
wild type mice expressing the human cardiac RLC (Tg-WT), and transgenic mutant mice
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expressing the N47K or R58Q RLC mutation, denoted respectively as Tg-N47K and Tg-R58Q.
As described in Wang et al. [24], all transgenic mice (WT L2, N47K L6 and R58Q L8 expresses
~100% transgene. Myosin was purified from 5–6 hearts from each group of mice, as described
in detail in Szczesna-Cordary et al. [26], The hearts were collected from female and male mice
of 4–7 months of age. At least 3 different myosin preparations obtained at different time
intervals were used for experiments.

Pig cardiac tropomyosin was purified from pig hearts according to Eisenberg and Kielley
[27]. Recombinant human cardiac troponin subunits (TnT, TnI, and TnC) were prepared
according to standard methods [28] and the formation of troponin complex was carried out as
described in Szczesna et al. [29] and Gomes et al. [30].

Actin was prepared from chicken pectoralis muscle acetone powder using the method of Straub
[31] with the modification of Drabikowski et al.[32]. The actin was suspended in actin buffer
(25 mM KCl, 1 mM EGTA, 10 mM DTT, 25 mM imidazole, 4 mM MgCl2). TRITC phalloidin
labeled actin was prepared by incubating a 1:1 molar ratio of TRITC phalloidin and actin in
actin buffer overnight at 4°C.

Unregulated Motility Assay
The quality of the myosin preparation was assessed by measuring the actin filament sliding
velocity in the motility assay. Unless otherwise noted, all experiments were performed at 24°
C. The average actin filament sliding velocity for NTg murine cardiac myosin at 24°C was 1.2
± 0.5 μm/s, however, when the flow cell was incubated with 100 μg/ml of NTg myosin and
heated to 35°C, the velocity was 4.2 ± 1.3 μm/s, consistent with previously reported values
[33]. The in vitro motility assays were performed as previously described with some subtle
modifications [26]. Approximately 200 μg of myosin in 50% glycerol was suspended in 1 ml
of 10 mM DTT in water and allowed to precipitate for one hour on ice. This step removed the
glycerol and, if present, any oxidized myosin molecules unable to form thick filaments. The
myosin was then centrifuged at 16,000 × g for 30 minutes at 4°C. The supernatant was then
discarded and the pellet was resuspended in 200 μl of myosin buffer (300 mM KCl, 25 mM
imidazole, 1 mM EGTA, 4 mM MgCl2, 10 mM DTT). Any damaged myosin heads that were
unable to bind and release from actin were removed by mixing the myosin, 1 mM ATP, and
1.1 μM actin and centrifuging in an Airfuge for 30 min at 100,000 × g. The myosin
concentration after centrifugation was determined using a Bradford assay (Bio-rad Labs.
Hercules, CA) and diluted to the desired concentration in myosin buffer.

Flow cells were constructed by forming a channel between nitrocellulose coated coverslips
and a standard glass slide with double stick tape (100 μm width 3 M Corp., St. Paul, MN ).
Myosin was adsorbed to the coverslip surface by incubating 30 μl of myosin (100 μg/ml) in
myosin buffer for 1 minute. Any remaining surface lacking myosin was blocked by adding 30
μl of 0.5 mg/ml bovine serum albumin (BSA) in myosin buffer followed by a 60 μl wash with
actin buffer (25 mM KCl, 25 mM imidazole, 1 mM EGTA, 4 mM MgCl2, 10 mM DTT). As
an additional measure to minimize the effects of damaged myosin heads, 30 μl of 1 μM
unlabeled actin (myosin: unlabeled actin molar ratios varied from 40:1 to 400:1) in actin buffer
was vortexed and added to the flow cell. After incubating for two minutes, the flow cell was
washed with 60 μl of actin buffer containing 1 mM ATP and then 120 μl of actin buffer without
ATP. 30 μl of 5 nM TRITC labeled actin was then added to the flow cell and allowed to incubate
for 1 minute. Motility was initiated by the addition of motility buffer (actin buffer with the
addition of 0.5% methyl cellulose, 1 mM ATP, 2 mM dextrose, 160 units glucose oxidase, and
2 μM catalase) to the flow cell.

To determine relative changes in duty cycle defined as the fraction of the myosin biochemical
cycle spent attached to actin, actin filament sliding velocities were measured at several myosin
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surface densities by varying the concentration of myosin used to incubate the flow cell over a
range from 0 to 200 μg/ml. The amount of myosin necessary to move actin at maximal velocity
provides a qualitative measurement of the myosin duty cycle [17,34].

Actin-activated myosin ATPase activity
The actin activated myosin ATPase activity was measured as a function of actin concentration.
Mouse NTg, Tg-WT, Tg-N47K and Tg-R58Q myosins at a concentration of 1μM were titrated
(in triplicates onto 96-well microplates) with increasing concentrations of skeletal muscle actin.
ATPases assays were performed in a 120 μl reaction volume in a buffer consisting of 25 mM
imidazole, pH 7.0, 4 mM MgCl2, 1 mM EGTA, and 1 mM DTT. The reactions were initiated
with the addition of 2.5 mM ATP with mixing in a Jitterbug incubator shaker (Boekel,
Feasterville, PA) and allowed to proceed for 15 minutes at 30°C and then terminated by the
addition of 5% trichloroacetic acid. Samples were then centrifuged at 18,000 x g for 20 minutes
and the 50 μl of supernatant was transferred to a 96-well microplate for determination of
inorganic phosphate (Fiske, 1925). Data were analyzed with a double reciprocal plot [35]:

(Eq. 1)

where V is the measured ATPase rate, Vmax is the maximal ATPase activity, and Km is the
Michaelis-Menten constant.

Frictional Loading Assay
The procedure for the frictional loading assays was identical to the unregulated motility assay
except that the initial myosin incubation was done with 100 μg/ml of myosin mixed with an
appropriate amount of alpha-actinin (Cytoskeleton Inc., Denver, CO) in myosin buffer. This
initial step was allowed to incubate for one minute before the BSA was added. The velocity of
the actin filaments versus alpha-actinin concentration was measured as described above. The
velocity decreased linearly [36] to a plateau value where a few actin filaments would move at
the same velocity regardless of the concentration of alpha-actinin added. These few escaping
actin filaments are probably due to inhomogeneities in the alpha-actinin coating on the surface.
Since these filaments most likely represent experimental artifact, these filaments were ignored
and the standard linear fit, as described by Bing et al. [36], was used to obtain the index of
retardation, kr.. The index of retardation was calculated by fitting the data to the linear equation:

(Eq. 2)

where m is the slope of the line and kr is the index of retardation.

Regulated Motility Assays
The procedure for regulated motility assays was similar to the unregulated motility assays with
some minor modifications. Initially, 100 μg/ml of myosin in myosin buffer was incubated on
the flow cell surface. After blocking the surface with BSA and unlabeled actin, TRITC
phalloidin labeled actin was added as described earlier. After the TRITC phalloidin labeled
actin had bound to the surface for 30 seconds, 30 μl of a mixture of 150 nM tropomyosin and
150 nM troponin in actin buffer was added to the flow cell. After allowing 10 minutes for the
tropomyosin and troponin to bind to the actin, 30 μl of appropriate pCa motility buffer
(determined using Bathe, a program that balances ionic conditions using binding constants
determined by Godt et al. [37]) was added with the inclusion of 75 nM troponin, 75 nM
tropomyosin, and an appropriate amount of calcium. The calcium concentration at which half
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maximal velocity was achieved, the pCa50, and the Hill Coefficients, H, were determined by
fitting the data of velocity versus calcium concentration to the equation:

(Eq. 3)

where VMax is the maximal velocity and H is the Hill Coefficient.

Microscopy
Rhodamine labeled actin filaments were observed on a Nikon Eclipse TE2000-U microscope
(Nikon (Melville, NY)) with standard epifluoresence illumination. Temperature was controlled
using an objective heater (Bioptechs Inc., Butler, PA). The images were recorded using video
microscopy and captured to a Scion frame grabber (Model AG-5). Using Scion Image (Scion
Corp. (Frederick, MD)), 5 to 10 images were captured at an appropriate frame rate (1 to 7
seconds per frame depending on the speed of the actin filament sliding). The filament velocity
was determined using the freeware Retrac motility software (http://mc11.mcri.ac.uk/Retrac).
Fifteen to thirty moving filaments were analyzed from at least two different areas of the flow
cell to ensure that there were no surface artifacts.

Statistics
At least three myosin preparations (each preparation consisting of 5–6 hearts from each group
of mice) were used for most of the data collection. Filament motility was recorded in several
areas of the flow cell. For each actin filament, the average velocity was measured over 5 to 10
frames. Then, for each flow cell, the velocities of 15 to 30 actin filaments were averaged
together. Each point shown in the data plots represents the average velocity of these 15 to 30
actin filaments with error bars given by the standard error of the mean actin filament sliding
velocity. Data were fit to the appropriate model using a non-linear least-squares algorithm
(SigmaPlot, Systat Software Inc., San Jose, CA). A two-tailed t-test was used to examine the
significance of the differences between velocities as determined from the errors in the fits of
the data to the model curve. The p value was calculated from the Student’s t-test distribution.
The t-tests were corrected for multiple comparisons using the Holm t-test criteria when
appropriate.

Results
To examine the effects of N47K and R58Q RLC mutations on the biochemical and mechanical
properties of myosin, cardiac myosin was isolated and purified from transgenic mice
expressing N47K and R58Q mutations in the RLC driven by the alpha-myosin heavy chain
promoter [24]. The myosin purified from N47K and R58Q hearts contained approximately
100% mutant RLC attached to the endogenous mouse alpha-myosin heavy chain [24]. The
procedure utilized to purify myosin from transgenic mouse hearts resulted in dephosphorylated
RLC (data not shown).

Velocity Measurements
In an in vitro motility assay, fluorescently labeled actin filaments are propelled over a bed of
myosin in the presence of ATP. The velocity, V, of myosin induced actin filament translocation
in an in-vitro motility assay is given by:
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(Eq. 4)

Where d is the unitary step size of myosin, kATPase is the actin activated ATPase rate, and f is
the duty cycle of the myosin. Changes in actin filament sliding velocity in the in vitro motility
assay are indicative of changes in at least one of these parameters. Maximal sliding velocity is
achieved when there is at least one myosin head interacting with the actin filament at any given
time. A myosin with a higher duty cycle will be able to move an actin filament at maximal
velocity with a lower concentration of myosin on the motility assay surface whereas a myosin
with a lower duty cycle will require a greater concentration of myosin in order to ensure that
at least one myosin head is attached to actin at any given time.

To examine whether the mutants caused changes to the myosin duty cycle and/or actin filament
sliding velocity, we measured the sliding velocity of actin as a function of myosin concentration
for the WT, N47K, and R58Q myosins (Fig. 2). An actin filament will move at its maximal
velocity when incubated with enough myosin to ensure that at least one myosin head is
interacting with the actin filament at all times [38–40]. Thus the amount of myosin required to
achieve maximal velocity gives a qualitative measurement of the duty cycle [17,34]. The data
show that R58Q has a higher velocity than the WT at lower myosin concentrations ([myosin]
< 130 μg/ml) where the velocity is attachment limited. The velocity of N47K is similar to the
WT although slightly greater than the WT at low myosin concentrations ([myosin] < 50 μg/
ml) and slightly less than the WT at higher myosin concentrations ([myosin] > 100 μg/ml).
Furthermore, as can be seen from the normalized plot (Fig. 2b), both R58Q and N47K reach
maximal velocity when incubated with approximately 30 μg/ml myosin whereas the WT
requires at least 200 μg/ml of myosin to move at maximal velocity, indicative of an increase
in duty cycle for the mutant myosins compared to WT [17,34,41].

According to the standard detachment limited model of actomyosin sliding, once there is a
sufficient concentration of myosin on the surface to ensure that at least one head is interacting
with the actin at any given time, the actin filament should move at maximal velocity, regardless
of the addition of further myosin to the motility assay surface [38,39]. However, as shown in
Fig. 2b, both mutants display a deviation (although more subtle for N47K) from the expected
behavior at high myosin concentrations ([myosin] > 50 μg/ml). Both mutants demonstrate a
decline in velocity with increasing myosin surface density. In contrast, WT myosin shows the
expected rise to maximal velocity without a decline in velocity at higher myosin concentrations.

Based on the equation 4, the observed increases in the duty cycles of R58Q and N47K should
result in a decrease of the actin filament sliding velocity. However, we see either no major
change (N47K) or increased (R58Q) velocities compared to WT myosin. In order for this to
occur, the increase in duty cycle must be accompanied by changes in the ATPase rate or unitary
step size (or both). Thus we measured the actin activated ATPase rate of the WT, NTg, N47K,
and R58Q myosins.

Actin Activated ATPase Measurements
The maximal ATPase rates, Vmax, values for NTg (0.43 s−1), WT (0.43 s−1), and N47K (0.43
s−1) were identical however, R58Q showed a significant increase in Vmax (0.63 s−1) (Fig. 3,
Table 1). This significant increase in ATPase observed for R58Q myosin most likely offsets
at least part of the increase in duty cycle observed with R58Q myosin from Fig. 2, giving R58Q
an increased velocity compared to the WT. However, the absence of an effect on ATPase rate
for N47K myosin suggests that the observed lack of a decrease in the velocity with a parallel
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increase in the duty cycle produced by N47K myosin most likely result from an increase in
myosin unitary step size.

Frictional Loading Assays
In order to probe whether changes in the isometric force of the mutant myosins could be
contributing to the observed disease phenotypes, we measured the isometric force due to the
myosin using a frictional loading assay [36]. In this assay, alpha-actinin, a low affinity actin
binding protein, is introduced into the in vitro motility assay flow cell. During actin filament
sliding, alpha-actinin transiently binds to actin, providing a frictional load opposing the
filament sliding. The velocity decreases linearly with alpha-actinin concentration until motility
stops as described by Bing et al., [36]. The concentration of alpha-actinin necessary to stop
filament motility, known as the index of retardation (kr), provides a measurement of myosin
isometric force (i.e. a “stronger” myosin will require a greater frictional load and thus more
alpha-actinin in order to stop thin filament sliding). As can be seen in Fig. 4, there is no
difference in the index of retardation between the WT (kr = 3.8 ± 0.2 μg) and NTg (kr = 3.5 ±
0.3 μg; p = 0.86). There is however a dramatic reduction in isometric force for N47K (kr = 1.8
± 0.2 μg; p < 0.01) and a less pronounced reduction observed for R58Q (kr = 2.9 ± 0.2 μg; p<
0.01) compared to the WT.

Regulated Motility Assays
Fiber studies of the R58Q mutation in skinned muscle fibers showed a shift towards
submaximal calcium activation of ATPase compared to WT, whereas N47K did not show a
shift [24]. To examine whether this shift in calcium sensitivity resulted from changes in myosin
at the molecular level, the sliding velocity of tropomyosin and troponin decorated thin filaments
was measured as a function of added calcium (Fig. 5). Consistent with fiber studies, there is
no change in the calcium sensitivity of unloaded sliding velocity, as evidenced in the pCa50,
for NTg (pCa50=6.16 ± 0.10; p=0.63), or N47K (pCa50=6.23 ± 0.04; p=0.82) when compared
to the WT (pCa50=6.21 ± 0.05) (Fig. 5). However, consistent with fiber studies [24], we
observed a leftward shift in the pCa50 of the R58Q (pCa50=6.66 ± 0.05; p<0.01) compared to
the WT, indicative of submaximal calcium activation of thin filament sliding.

Discussion
In this study the in vitro motility assay was used to examine the mechanical and biochemical
properties of myosin isolated from transgenic mice carrying FHC calcium binding site
mutations in the RLC, R58Q and N47K. Both mutations have been associated with occurrences
of FHC yet they produce different clinical presentations and prognoses. The actin filament
velocity, actin activated ATPase, duty cycle, force generating properties, and calcium regulated
motility of the myosins were examined to elucidate the mechanical and biochemical properties
of the myosins altered by the mutations. The data is summarized in Table 1. A molecular
mechanism explaining the more severe disease phenotype associated with the R58Q mutation
compared to N47K mutation is also discussed.

At myosin concentrations below 130 μg/ml, the N47K mutant myosin showed similar actin
sliding velocity to the WT whereas R58Q showed an increase in sliding velocity compared to
WT (Fig. 2). The dependence of velocity on mutant myosin concentration deviated from the
predicted trend [17,34,41]. According to the conventional detachment limited model of myosin
motility, an actin filament in a motility assay will move at maximal velocity if there is at least
one head interacting with the filament at any given time. Therefore, once a sufficient density
of myosin has been placed on the motility assay surface to ensure that at least one head is
interacting with the actin at any time, the actin should move at a constant, maximal velocity,
regardless of the addition of more myosin to the surface. For the WT myosin, we observed the
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expected rise in velocity with myosin concentration to a plateau value at sufficiently high
myosin concentrations. However, for the mutant myosins, as the concentration of myosin was
increased, actin filament velocity increased to a maximal value and then gradually decreased
as the myosin concentration was increased further (although the decrease was less pronounced
for N47K). Similar decreases in sliding velocity have been observed using other RLC FHC
mutant myosins (J.R.M. unpublished data). To account for the decrease in velocity observed
at higher concentrations of mutant myosins, we propose two different, non-exclusive
mechanisms. First, it is possible that at a high myosin concentration, there will be an increase
in the number of strongly-bound dragging crossbridges since the probability of two heads being
attached to actin at any given time increases as the number of myosins on the surface increase.
R58Q and N47K both show increases in duty cycle, meaning that the attachment time would
be longer, increasing the probability of dragging heads. The second possibility is that the LMM
portion of the myosin exerts a frictional drag on sliding actin filaments [42]. The ability of
myosin to overcome such a frictional drag would be a function of the isometric force generating
capability of the myosin molecule. Consistent with this notion, the mutants, which show
reductions in isometric force, have a pronounced decrease in velocity as the myosin
concentration is increased. Perhaps, studies with mutant HMM could distinguish between these
possibilities.

Since both R58Q and N47K myosins showed similar increases in duty cycle, based on equation
4, one would expect to see similar decreases in velocity for both R58Q and N47K; however,
this was not the case. In order for R58Q to show an increase in sliding velocity, the increase
in duty cycle must be offset by an increase in ATPase, unitary step size, or both. It appears that
the increase in R58Q ATPase activity, at least partially, compensates for the increase in duty
cycle resulting in increased velocity of R58Q myosin. This does not, however, preclude
changes in the unitary displacement of R58Q myosin. For N47K, the fact that no change was
seen for the actin activated ATPase activity compared to WT suggests that the lack of change
in velocity can be explained by a reduction in the unitary displacement.

Both R58Q and N47K show a significant increase in duty cycle and consequently one would
expect to see an increase in isometric force. However, consistent with studies in skinned
papillary muscle fibers [24], both R58Q and N47K show significant reductions in isometric
force compared to the WT. The magnitude of the changes in isometric force reported here is
somewhat greater compared to the fiber studies. However, it is difficult to directly compare
the data derived from an acto-myosin vs. complexed fiber systems as the effect of other filament
proteins present in muscle fibers is absent in the in vitro motility assay. For example, the
isometric force measurements in the motility assay were done in the absence of tropomyosin
and the presence of tropomyosin was shown to alter myosin force production [36,43,44].

The isometric force of myosin is given by:

(Eq. 5)

where Funi is the unitary force due to a single crossbridge, n is the number of myosin molecules
available to interact with the actin, f is the duty cycle, k is the crossbridge stiffness, and d is
the myosin step size. The observed reduction in force for both R58Q and N47K, with a
concurrent increase in duty cycle, suggests that the reduction in force must come from
reductions in either the number of myosin molecules available to interact with the actin
filament, the unitary force or both. It is possible that the mutations could cause a preferential
alignment of myosin on the motility assay surface, altering the number of myosin molecules
available to interact with actin. However, we consider the latter possibility unlikely as both,
RLC depletion and phosphorylation of myosin, considered much more drastic alterations to
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the myosin structure than a one amino acid replacement, do not change the number of available
heads (J.R. Moore, unpublished observation). Thus, it appears that the reduction in isometric
force observed for both N47K and R58Q myosin could originate from a change in the unitary
force produced by myosin. Decreased unitary force for R58Q and N47K myosins could explain
decreased maximal force per cross-section of muscle observed in Tg-R58Q and Tg-N47K
skinned papillary muscle fibers [24]. These changes when placed in vivo would lead to
compensatory hypertrophy of R58Q and N47K mutated hearts.

Regulated motility assays demonstrated no shift in the pCa50 for N47K myosin whereas R58Q
myosin showed a clear shift in the pCa50 towards submaximal calcium activation. This result
is consistent with previous skinned muscle fiber studies that showed a leftward shift towards
submaximal calcium activation only for R58Q but not N47K [24]. Two different, non-mutually
exclusive mechanisms, could explain this result. First, it has been suggested that R58Q may
indirectly affect (decrease) the release rate of calcium from troponin C, increasing the Ca2+

sensitivity of force generation [24]. Such a shift would reduce the energy barrier to thin filament
activation by allowing myosin heads to bind to actin more easily. A decrease in the calcium
release rate from troponin C would result in prolonged force transients which, in fact, were
observed in intact R58Q papillary muscle fibers from transgenic mice [24]. Another possible
explanation stems from the higher ATPase rate observed in this study for R58Q myosin. Since
phosphate release is the rate limiting step of the myosin ATPase cycle, it is possible that the
R58Q causes an acceleration of the kinetics of phosphate release, which would tend to cause
an increase in the rate of transition from a weakly bound to a strongly bound state. An increase
in the rate of strong binding crossbridges would allow for the activation of the thin filament at
submaximal calcium levels and the observed shift in pCa50 [45]. It is also worth noting that
the observed shift in pCa50 for R58Q observed here was greater than the shift observed in
previous studies using skinned papillary muscle fibers [24]. As explained earlier, this difference
most likely results from the ability of the motility system to dissect the effects of mutations on
the regulated actomyosin interaction from broader cellular based changes due to the
hypertrophic response.

Furthermore, both R58Q and N47K have been shown to abolish calcium binding to the cationic
binding site of the RLC [18,23] suggesting that the mutations disrupt RLC structure and hence
the mechanical properties of the lever arm, which is consistent with our data. A mutant of the
calcium binding loop of skeletal myosin, D47A, was also found to have impaired calcium and
magnesium binding [46]. Muscle fibers containing the D47A mutant RLC displayed a
reduction in stiffness, leading the authors to propose that the change in stiffness results from
either changes in the stiffness of the myosin crossbridges or the number of interacting
crossbridges due to increased detachment kinetics; however, their experiment could not
conclusively distinguish between these possibilities. As suggested by Sherwood et al. [47]
using an optical trap, the D47A containing RLC most likely decreased the crossbridge stiffness
and unitary step size of myosin. Consistent with this observation, our data suggests that the
crossbridge stiffness of R58Q and N47K myosins are altered by the FHC mutations.
Furthermore, it has been suggested that the FHC-inducing E22K mutation of the RLC, which
is also located near the RLC calcium binding site, alters the conformation of the RLC by
changing the intramolecular hydrogen bonding abilities of the RLC [48]. Levine et al. [48]
suggested that the E22K mutation, by changing the conformation of the RLC, could affect the
ability of the RLC to support the alpha-helical neck region of the myosin heavy chain,
consistent with our observations. Single molecule experiments using an optical trap will be
able to distinguish whether changes in the crossbridge stiffness or unitary step size (or both)
are responsible for the observed effects. In addition, changes to the stiffness of the lever arm
could change the efficiency of force transmission between the lever arm and the myosin head,
altering the kinetics of ADP release, the force sensitive step in the myosin ATPase cycle
(Reviewed in [49]). Force dependent effects on the kinetics of ADP release could affect the
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myosin attachment time, altering the duty cycle, consistent with the observed changes in duty
cycle for the mutants. Both FHC mutations are located in the region of the RLC that interacts
with the hinge region of the myosin lever arm which not only contributes to the communication
between the lever arm and the catalytic domain of the myosin head but also links the myosin
head with the myosin rod [7]. In the crystal structure this region of MHC makes a sharp bend
and interacts with the N-lobe of the RLC [7]. Introducing a positively charged lysine residue
through the N47K mutation or removing the positively charged arginine residue through the
R58Q mutation may significantly alter the electrostatics of the RLC-MHC hinge interaction
affecting the ability of myosin cross-bridge to interact with actin.

Implications for FHC
Both R58Q and N47K mutant myosins displayed a reduction in isometric force which could
lead to compensatory hypertrophy. The more extreme phenotype for R58Q could stem from
several factors: 1) The fact that R58Q shows an increase in ATPase compared to WT and N47K
and a reduction in force compared to the WT suggests that the efficiency of the heart might be
drastically reduced. ATP consumption would be increased with little increase in force leading
to inefficient energy utilization by the R58Q heart. The inefficient ATP utilization would cause
an accumulation of metabolites (i.e. ADP and inorganic phosphate) that would change the free
energy of ATP hydrolysis [14,50]. This is consistent with the observed alterations in cardiac
muscle energetics seen with mice harboring another FHC mutation, R403Q located in β-myosin
heavy chain [51]. Several biophysical studies of FHC mutations have shown a similar increase
in enzymatic activity [52–54] with the apparent “gain of function” being responsible for cardiac
hypertrophy. This altered ATP utilization in R58Q hearts could explain the difference in
phenotypic severity of the individuals harboring the R58Q mutation compared to N47K
positive patients. 2) The increased ATPase rate of R58Q compared to the WT and N47K could
lead to a decrease in the total amount of free ATP in the cell [51]. There are several ATP
dependent processes in the heart involved in calcium sequestering and re-equilibration of ionic
balance after myofibril contraction (i.e. the sarcoplasmic reticulum calcium ATPase, the
cellular calcium ATPase, and the sodium ATPase) [55] that can become affected by the
reduction of available ATP [52]. A reduction of the ATPase activities of these pumps involved
in calcium sequestering would keep the heart activated longer during calcium transients,
reducing the diastolic interval, leading to diastolic dysfunction. 3) Our data suggests that R58Q,
under conditions of steady state calcium, is activated at a lower calcium concentration than the
WT and N47K. Since the cardiomyocyte would remain activated at submaximal calcium levels
in vivo during calcium transients, this could lead to incomplete cardiac relaxation during
diastole, placing an increased work load on the heart, leading to diastolic dysfunction [50,
56]. This effect of incomplete relaxation would be more pronounced during periods of exercise
when the diastolic interval is shorter. Consistent with our data, skinned fiber studies by Wang
et al. [24] also observed a shift towards submaximal calcium activation in force/ATPase – pCa
relationships with R58Q myosin, which led them to propose that increased calcium sensitivity
in R58Q fibers is part of the reason for the more extreme phenotype of R58Q compared to
N47K [24]. In support of these hypotheses, the in vivo examination of R58Q hearts
demonstrates global diastolic dysfunction and decreased contractile efficiency in R58Q hearts
compared to controls (personal communication of D. Szczesna-Cordary).

Conclusions and Prospects
The data presented here shows that FHC mutations in the RLC can lead to changes in the
mechanical and kinetic properties of myosin, changing the workload of the heart. The heart is
known to respond to alterations in workload via several signal transduction cascades that lead
to a hypertrophic response that, if left unchecked, could lead to cardiomyopathy [56,57]. Since
the prognosis and clinical presentation of FHC depends on the specific mutation, the knowledge
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of the mutation mediated effects on force and motion generation may lead to the development
of target specific therapeutic measures.
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Figure 1.
FHC mutations mapped onto the chicken skeletal RLC structure (Accession # 2MYS [7]). The
C-terminal region of the myosin heavy chain is shown in yellow and the RLC is shown in cyan.
The locations of R58, N47, Mg2+ and the cation binding site are highlighted in blue, red,
magenta and green respectively.
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Figure 2.
(A) Raw data and (B) normalized plots showing the velocity of actin filament sliding velocity
in the in vitro motility assay as a function of myosin concentration. Both R58Q (long-dashed
line) and N47K (short-dashed line) reach maximal velocity before the WT (dotted line),
suggesting that R58Q and N47K have increases in duty cycle. The data were fit to the sum of
two exponential curves to illustrate the trend of the data. Each point represents the average and
standard errors in the means of the velocities of 15 to 30 actin filaments.

Greenberg et al. Page 16

J Mol Cell Cardiol. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Actin activated ATPase rates of the WT, NTg, N47K, and R58Q. As can be seen WT, NTg,
and N47K have similar Vmax values while R58Q showed an increase in actin activated ATPase
rates expressed by increased Vmax. Data points are average from 4 independent experiments ±
standard error of the mean Data was fit as described in the methods.
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Figure 4.
Frictional loading assays measuring the isometric force of the WT (dotted line), NTg (solid
line), N47K (short-dashed line), and R58Q (long-dashed line) myosins. The amount of alpha-
actinin needed to stop filament sliding velocity gives a measurement of the myosin isometric
force. The average actin filament sliding velocity and standard errors in the mean sliding
velocity are plotted as a function of alpha-actinin added to the motility assay surface. Data was
fit as described in the methods. Both R58Q and N47K showed significant reductions in
isometric force compared to the WT myosin.
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Figure 5.
Actin filaments were reconstituted with troponin and tropomyosin and the actin filament sliding
velocity was measured as a function of added calcium. Data was fit to Hill curves as described
in the methods (Eq. 6). Plotted are the (A) raw data and (B) normalized data. As can be seen,
R58Q (long-dashed line) shows a significant shift in the pCa50 of activation compared to the
WT (dotted line) and NTg (solid line) whereas N47K (short-dashed line) shows no change in
the pCa50.
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