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Abstract

We have examined, for the first time, the effects of the familial hypertrophic cardiomyopathy
(HCM)- associated Lys104Glu mutation in the myosin regulatory light chain (RLC). Transgenic
mice expressing the Lys104Glu substitution (Tg-MUT) were generated and the results compared
to Tg-WT (wild-type human ventricular RLC) mice. Echocardiography with pulse wave Doppler
in 6 month-old Tg-MUT showed early signs of diastolic disturbance with significantly reduced
E/A transmitral velocities ratio. Invasive hemodynamics in 6 month-old Tg-MUT mice also
demonstrated a borderline significant prolonged isovolumic relaxation time (Tau) and a tendency
for slower rate of pressure decline, suggesting alterations in diastolic function in Tg-MUT. Six
month-old mutant animals had no LV hypertrophy; however, at >13 months they displayed
significant hypertrophy and fibrosis. In skinned papillary muscles from 5-6 month-old mice a
mutation induced reduction in maximal tension and slower muscle relaxation rates were observed.
Mutated cross-bridges showed increased rates of binding to the thin filaments and a faster rate of
the power stroke. In addition, ~2-fold lower level of RLC phosphorylation was observed in the
mutant compared to Tg-WT. In line with the higher mitochondrial content seen in Tg-MUT hearts,
the MUT-myosin ATPase activity was significantly higher than WT-myosin, indicating increased
energy consumption. In the in vitro motility assay, MUT-myosin produced higher actin sliding
velocity under zero load, but the velocity drastically decreased with applied load in the MUT vs.
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WT myosin. Our results suggest that diastolic disturbance (impaired muscle relaxation, lower
E/A) and inefficiency of energy use (reduced contractile force and faster ATP consumption) may
underlie the Lys104Glu-mediated HCM phenotype.

Keywords

Hypertrophic cardiomyopathy (HCM); transgenic mice; myosin regulatory light chain; mutation;
contractile force; echocardiography

1. Introduction

Cardiac muscle contraction relies on the ATP-dependent interaction of the myosin heads
(S1) with actin to produce the sliding filament movement and generate force [1]. Myosin S1
consists of two major structural domains: the motor domain with the actin and ATP binding
sites, and the lever arm domain composed of an 8.5 nm long a-helical region of the myosin
heavy chain (MHC) containing the sites of attachment for the myosin regulatory (RLC) and
essential (ELC) light chains [2]. Both light chains support the structure and function of the
myosin lever arm and contribute to the power stroke and force generation processes. It is
therefore very likely for genetically mutated light chains to induce detrimental effects on the
mechanical properties of the lever arm and to compromise the ability of myosin motor to
produce force and muscle contraction [3].

The myosin RLC is a member of the EF-hand Ca?* binding protein family, which includes
troponin C and calmodulin. Unlike other EF-hands, RLC contains only one Ca2* binding
EF-hand domain with the helix-loop-helix motif, which can be occupied by either Ca?* or
Mg?2* [4] (Fig. 1A). It has been postulated that during cardiac muscle contraction, this site
could act as a delayed Ca2* buffer helping the sarcoplasmic reticulum in sequestering Ca2*
during diastole [5, 6]. Another functionally important domain of the RLC is the myosin light
chain kinase (MLCK)-dependent phosphorylation site at serine 15 (Ser15) (Fig. 1A).
Numerous studies have shown that RLC phosphorylation can regulate the inotropic state of
the heart and therefore any change in RLC phosphorylation during muscle contraction is
expected to cause abnormal heart performance, presumably through morphological and/or
functional alterations, e.g. change in force, myofilament calcium sensitivity, ATPase
activity, etc. [7-9]. Consistent with this notion, it was shown that RLC phosphorylation in
vivo may prevent the development of the hypertrophic phenotype [10]. Thus, both regions of
RLC, the calcium binding site and the phosphorylation domain are important regulators of
RLC function and any mutations located in these sites or their vicinity are expected to affect
cardiac muscle contraction.

Dominant mutations in MYL2 (Fig. 1A) encoding the human ventricular RLC are known to
cause familial hypertrophic cardiomyopathy (HCM), a complex and heterogeneous disorder
with extensive diversity in the course of the disease, age of onset, severity of symptoms and
risk for sudden cardiac death (SCD) [11]. HCM is the most common cause of SCD among
young individuals and competitive athletes [12]. Recent genetic studies have revealed that
mutations in MYL2 are more common than previously reported (for review see [13, 14]) and
in just the past few years, new MYL2 mutations have been identified [15, 16], with some
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detected multiple times and in different ethnic populations (Fig. 1A) [17, 18]. This report
focuses on the Lysine 104—Glutamic acid mutation in MYL2 (Lys104Glu) identified in a
Danish family, with the proband diagnosed with HCM at the age of 17 years [18, 19]. At 35
years, he had pronounced septal hypertrophy and an inverted transmitral flow pattern
indicating diastolic filling abnormalities [19]. However, the proband and his two family
members were also positive for a splice acceptor site mutation in MYL2 making the target
allele for HCM ambiguous. Two family members who exclusively carried the Lys104Glu
mutation did not have clinical phenotypes consistent with HCM further complicating the
causative role of the Lys104Glu mutation in HCM [18, 19].

In this report we aimed to mechanistically elucidate the effect of the Lys104Glu substitution
on heart function and verify whether the mutated MYL2 allele triggers HCM in mice. For
this purpose, we have generated the a-MHC driven transgenic (Tg) mouse model
specifically expressing the Lys104Glu-mutated human ventricular RLC (Fig. 1B) in the
mouse heart (Tg-MUT). All results were compared to Tg-WT (wild-type) expressing the full
length and non-mutated human ventricular RLC. Cardiac muscle preparations of increasing
levels of complexity, from myosin through myofibrils and small muscle strips to the intact
heart were subjected to morphological and functional assessments. Our results in mice
confirm the causative role of the Lys104Glu mutation in the development of HCM. We
found changes in diastolic function and inefficient energy usage in young adult mice and a
pronounced cardiac hypertrophy in senescent animals. Myosin RLC phosphorylation in Tg-
MUT myocardium was significantly reduced compared to Tg-WT hearts suggesting that the
mutation-mediated inhibition of RLC phosphorylation may contribute to the development of
HCM in mice.

2. Methods

Detailed materials and methods are outlined in the supplement.

2.1. Generation and characterization of transgenic Lys104Glu (Tg-MUT) mice. All animal
studies were conducted in accordance with institutional guidelines. We have produced
transgenic mice expressing the Lys104Glu-mutated RLC and the results were compared to
previously generated Tg-WT mice expressing the human ventricular RLC (GenBank
accession no. P10916) [6]. Transgenic protein and mRNA expression, RLC phosphorylation
and mitochondrial content are described in detail in the supplement and in [20].

2.2. In vivo study. Echocardiography and invasive hemodynamics, histopathology and
electron mictroscopy examinations were performed as reported previously [20-23] and
described in detail in the supplement.

2.3. Studies on skinned papillary muscle strips (force-pCa relationship, relaxation
kinetics, passive tension) were performed as in [20, 23].

2.4. Fluorescence polarization study was performed as in [24].
2.5. Actin-activated Tg-mouse myosin ATPase activity and 2.6. In vitro motility assays

were performed as in [20, 25].
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3. Results

3.1. Transgenic Lys104Glu-RLC mouse model

To study the effects of the Lys104Glu mutation in a mouse model we have successfully
produced multiple lines of Tg-MUT mice expressing high levels of the mutant RLC in
mouse hearts (Fig. 1B). A substantial difference in gel mobility was observed between Tg
human ventricular RLC (WT or Lys104Glu) and the endogenous mouse atrial RLC
(GenBank accession no. Q9QVP4: MW 19.450 kDa) (Fig. 1B upper panel) making
quantification of the transgene expression in atrial preparations useful and efficient. On the
other hand no differential gel mobility due to very little difference in molecular weights was
observed between endogenous mouse (GenBank accession no. P51667: MW 18,864 kDa)
and Tg human (GenBank accession no. P10916: MW 18,789 kDa) ventricular RLC (Fig.
1B, lower panel). The following levels of mutant expression were achieved: Tg-MUT L2:
~95% , L3: ~97% and L7: ~99% (Fig. 1B). There was no difference in protein expression
assessed in the myofibrils prepared from atria or ventricles vs. atrial or ventricular extracts
from Tg-mice indicating that all expressed MUT proteins were incorporated into the
myofilaments. The mMRNA expression profile assessed by quantitative real-time PCR in all
three lines of Tg-MUT mice is shown in Fig. 1C. No significant differences in MYL2 content
between atria and ventricles were observed for all tested transgenic lines. NTg atria and
ventricles were used as controls and showed no expression of the human MYL2 gene in mice
(Fig. 1C). All three Tg-MUT lines together with Tg-WT L2 [6] were used in the functional
assays presented below.

3.2. Mutation induced diastolic disturbance in mice

Diastolic function was assessed using pulse-wave Doppler images of the transmitral filling
pattern with the early transmitral filling wave followed by the late filling wave due to atrial
contraction and by TDI. Even though, the mutant mice displayed no sign of LV hypertrophy
at 6-month with similar anterior and posterior walls and LV-mass, they showed signs of
diastolic disturbance with significantly lower E/A-ratios (Fig. 2 and Table 1). A slightly
prolonged deceleration time was observed in the mutant compared with WT but the
difference between the groups was not statistically significant (P>0.05). The TDI-
measurements including e’ and E/e’ were similar between Tg-WT and Tg-MUT indicating
no effect on LV filling pressure and therefore suggesting mild diastolic dysfunction in the
mutant if classified according to human guidelines [26].

Invasive hemodynamics evaluation of 6-month old mutant vs. control mice showed
preserved systolic function in Tg-MUT compared to Tg-WT mice. However, we found
indications of impaired diastolic function in the mutant mice represented by: 1) Tau (time of
isovolumic relaxation), which was 58% longer in Tg-MUT compared to Tg-WT, and 2) dp/
dtmin, which was reduced in the mutant showing a slower rate of pressure decline (Table 1).
Due to the small number of examined mice the differences between the groups were
borderline significant (Table 1).

J Mol Cell Cardiol. Author manuscript; available in PMC 2015 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Huang et al.

Page 5

3.3. Cardiac hypertrophy in senescent mutant mice

As reported by Andersen et al., the 35 year old proband carrying the Lys104Glu mutation
had pronounced septal hypertrophy at the time of screening but was diagnosed with HCM at
the age of 17 years [19]. We have not observed any morphological HCM features in 6
month-old Tg-MUT mice (Table 1) but the hypertrophic phenotype was evident in senescent
(aged >13 months) mice (Table 2). Old Tg-MUT and Tg-WT mice had similar body
weights, but the mutant displayed significant hypertrophy of both anterior and posterior wall
and consequently a ~1.6-fold higher LV mass compared to Tg-WT mice. The hypertrophic
phenotype in old Tg-MUT animals showed concentric pattern manifested by reduced LV
diameter in systole and diastole compared to senescent Tg-WT mice (Table 2). The EF was
higher in Tg-MUT compared to Tg-WT mice, indicating that the observed hypertrophy in
mutant animals did not compromise their systolic function. The increased EF in HCM is
well established [27], but it is mostly due to reduced volumes as observed in our senescent
mutant mice (Table 2). In addition, it has been demonstrated that even though HCM patients
may have increased EF, they usually show reduced LV function [27, 28]. Consistently with
our results (see below), impaired myofilament contractile function was suggested to be the
most important mechanism in HCM, accounting for compensatory hypertrophy and diastolic
dysfunction, forming two of the hallmarks of the clinical HCM phenotype [29].

3.4. Development of cardiomyopathic phenotype in Tg-MUT mice

Histopatological evaluation of the hearts from mice of different ages: ~ 4 (young), ~8
(intermediate) and ~15 (old) month-old Tg-MUT and Tg-WT showed no major
abnormalities and the lack of myofilament disarray in either group of mice (Fig. 3A).
However, occurrences of mild fibrosis were noted in 8 month old Tg-MUT animals, which
severely intensified in 15 month-old mice compared to Tg-WT hearts (Fig. 3B). Myocardial
fibrosis is a hallmark of hypertrophic cardiomyopathy and the activation of profibrotic
genetic pathways can take place even before hypertrophic remodeling [30]. Accordingly,
gradually increasing fibrotic lesions were seen in the hearts of Tg-MUT animals implying
that these changes did precede the development of LV hypertrophy (Fig. 3B).
Echocardiography examination of senescent animals confirmed a fully developed
hypertrophic phenotype in Tg-MUT vs. Tg-WT mice (Table 2).

To determine whether the Lys104Glu mutation has an effect on sarcomeric structure, we
have performed electron microscopy assessment of LV tissue from Tg-MUT vs. Tg-WT
mice (Fig. 4A). No significant defects in the sarcomeric ultrastructure were observed in the
myocardium of ~6 month old Tg-MUT mice compared to age and gender matched Tg-WT
controls and the cardiac muscle of both groups of mice demonstrated normally arranged and
aligned in series sarcomeres (Fig. 4A). However, in contrast to Tg-WT myocardium, the
mutant hearts displayed visibly abundant mitochondria with the preserved overall
architecture. To quantify the mitochondrial content we have run SDS-PAGE on the heart
extracts and probed for the mitochondrial protein VDAC (porin). The myosin ELC was used
as a loading control. Fig. 4B, upper panel shows a representative Western blot of heart
samples from 4 and 14 month-old Tg-MUT mice (lanes 2 and 4) compared to samples from
4 and 14 month-old Tg-WT mice (lanes 1 and 3). At least two mice per group were tested.
Both young and old Tg-MUT mice showed a significantly higher mitochondrial VDAC
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content compared to age matched Tg-WT controls. About 1.7-fold difference between Tg-
MUT and Tg-WT of young and old mice was monitored (P<0.05) (Fig. 4B, lower panel).
These data indicate that more mitochondria might be recruited by Tg-MUT vs. Tg-WT
hearts suggesting their higher energetic demands during force generation and cardiac muscle
contraction.

A direct correlation between compromised RLC phosphorylation and the development of
cardiomyopathic phenotype was noted in our previous studies on Tg-RLC mouse models of
HCM [21, 31], and was also reported by Sheikh et al. [32]. Therefore, we have examined the
hearts of Tg-MUT mice for a mutation-induced effect of myosin RLC phosphorylation. Fig.
4C demonstrates ~2.2-fold reduction in endogenous RLC phosphorylation in young Tg-
MUT mice compared to young Tg-WT mice, and ~1.7-fold decrease in old Tg-MUT
compared to old Tg-WT. Phosphorylation was determined by SDS-PAGE of myofibrils
(n=13 runs for each group of mice) isolated from left ventricles of rapidly frozen 3 and 17
month-old Tg-MUT (lanes 2 and 4) vs. 3 and 18 month-old Tg-WT (lanes 1 and 3) hearts
(Fig. 4C, upper panel). The extent of RLC phosphorylation was evaluated using our
generated phospho-specific RLC antibody [20], which recognizes the phosphorylated form
of the RLC (lane 6). As observed previously [20], there was no reaction with the
unphosphorylated RLC (lane 5). Total RLC protein was probed with the CT-1 antibody as
described in our earlier publications [6, 20, 23, 31]. This result confirms our earlier
observations of compromised RLC phosphorylation in cardiomyopathic myocardium,
especially in those mouse models which show strong HCM phenotypes [21, 31].

3.5. Assessment of contractile function in skinned papillary muscle strips from Tg-MUT vs.

Tg-WT mice

Measurements of steady-state force generation were performed in skinned papillary muscle
strips from 5-6 month old male and female Tg-MUT and Tg-WT mice (5-7 mice per group).
A significant reduction in maximal isometric force was observed in Tg-MUT compared with
Tg-WT mice (P<0.01) (Fig. 5A). The values of tension per cross-sectional area of muscle (in
kN/m?2 + SEM) were: Tg-MUT: 36.8+0.7 vs. Tg-WT: 52.8+0.78. The average diameter of
muscle strip (in pm £ SEM) was 102+2 for Tg-MUT and 97+2 for WT (Fig. 5A). There was
a slight but not statistically significant increase in pCasg of the force-pCa dependence:
5.72+0.01(SEM) for Tg-MUT and 5.70+0.01(SEM) for Tg-WT (Fig. 5B). Likewise no
significant differences in the Hill coefficient were seen between the groups: 2.55+0.11
(SEM) for Tg-MUT and 2.59+0.07 (SEM) for Tg-WT (Fig. 5B). All these data were derived
from n=66 papillary muscle strips from Tg-MUT and n=58 strips from Tg-WT hearts (Fig.
5).

Since a phenotype of diastolic filling abnormalities was reported in Lys104Glu-positive
patients, we further assessed the muscle relaxation kinetics in skinned papillary muscle
strips from Tg-MUT and Tg-WT mice (three 7 month-old mice per group). A significant
decrease in the muscle relaxation rate kq was observed in Tg-MUT vs. Tg-WT myocardium
(Fig. 5C, P<0.01). The relaxation rate values (in s™1 + SEM) were: k;=15.5+0.6 for Tg-
MUT (n=36 strips) compared to k;=23.7£1.2 for Tg-WT (n=32 strips). The amplitudes of k;
were 0.73+0.02 for Tg-MUT and 0.83+0.07 for Tg-WT. The fit to a double exponential
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curve yielded the slow kj rates of ~1.1 for Tg-MUT and ~0.4 for Tg-WT with amplitudes of
~0.3. The ko rates most likely represent a small population of cross-bridges at a different
isomerization state compared to the larger population of the faster dissociating cross-bridges
[33]. These results indicated a mutation-induced impairment in the muscle relaxation
kinetics suggesting that Tg-MUT hearts might be prone to diastolic disturbance.

Diastolic dysfunction is often associated with alterations in muscle stiffness, and therefore
we also proceeded to measure the level of passive tension (at pCa 8) in response to muscle
stretch using two 6 month-old mice per group (Fig. 5D). The following values of passive
tension (in kN/m? + SEM) were measured as a function of muscle stretch: Tg-MUT: 10%,
1.45+0.21; 20%, 5.17+0.37; 30%, 10.81+0.50; and 40%, 18.47+0.40 (n=25 strips) compared
to Tg-WT: 10%, 1.14 +0.18; 20%, 4.07+0.25; 30%, 8.17+0.40; and 40% 13.88+0.66 (n=19
strips). The P value between Tg-MUT and Tg-WT groups was <0.001 as determined by
ANOVA for repeated measurements (Fig. 5D). In conclusion, Tg-MUT preparations
displayed significantly increased levels of passive tension compared to Tg-WT, suggesting
an increase in muscle stiffness in the mutant myocardium.

3.6. The effect of the Lys104Glu mutation at the level of single myosin cross-bridges

Using single molecule detection, we aimed to find out whether the effect of mutation seen in
the whole muscle could also be observed at the level of individual myosin cross-bridges.
The cross-bridges in myofibrils prepared from 3-5 hearts per group were inefficiently
exchanged with the fluorescent dye SeTau covalently coupled to ELC. To prevent
shortening and at the same time to avoid cross-bridges from executing their power
generating cycle, they were cross-linked with zero-length, water soluble cross-linker EDC.
The fluorescent cross-bridges were observed under confocal microscope. Inefficient
fluorescent labeling combined with minimal confocal volume allowed us to observe ~20
myosin molecules. To assess the rate at which cross-bridges were rotating during
contraction, polarization anisotropy was measured (see below). Fig. 6A shows a typical
image of Tg-MUT myofibril during relaxation. The gray circle pointed to by an arrow
represents the observation volume. It contains ~20 fluorescent myosin molecules (and
~40,000 non-fluorescent myosin molecules). The fluorescent signal was divided into two
orthogonal components and then fluorescence anisotropy, which is known to be an accurate
measure of the cross-bridge orientation, was computed. Autocorrelation function (ACF) of
fluctuations of anisotropy was then calculated. The fluctuations were large (~20%) due to
limited (only ~20) number of observed molecules.

The Kinetics rates were estimated from ACF by adopting a conventional model of the cross-
bridge action, schematically shown in Fig. 6B. The model predicts that the lever arm of a
cross bridge has different conformations in different contractile states. Thus, the intensity of
fluorescent light fluctuates around the equilibrium value. Every inflection in ACF
corresponds to a specific kinetic step. The first step of this model is a dissociation of myosin
head (M) from the thin filament actin (A) by binding of ATP (T). ATP is hydrolyzed to
ADP (D) and Phosphate (P). Myosin and the products of hydrolysis are free to rotate in the
myofilament space, so the anisotropy is low. Next, a cross-bridge binds with a rate k; to
actin to assume a pre-power stroke state, AMDP. It is in a weakly bound and partially
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immobilized state. Myosin power-stroke, occurring at a rate Ko, is initiated by dissociation of
the hydrolysis products. Cross-bridges now become strongly bound to actin. The rate k3 is a
rate of transition to a high anisotropy AMT* state reflecting a ternary “rigor-like” state in
which anisotropy is the largest as M is still attached to A (Fig. 6B). Cross-bridge
dissociation occurs only after this step. Kinetic constants estimated from ACF of 28
experiments per group are as follows (in s71 + SD): k; (rate of cross-bridge binding):
205.9+93.7 for Tg-WT and 779.1+£572.1 for Tg-MUT. The -573.2 difference in k1 is
statistically significant (t = —4.745, P<0.001 with 50 degrees of freedom); k, (rate of power
stroke): 0.617+0.496 for Tg-WT and 1.162+1.198 for Tg-MUT. The —0.545 difference in k;
is statistically significant (t = —2.091, P=0.041 with 53 degrees of freedom); k3 (rate of
transition to “rigor-like” state): 0.689+0.499 for Tg-WT and 0.300£0.242 for Tg-MUT. The
+0.389 difference in ks is also statistically significant (t = 3.809, P=0.001 with 53 degrees of
freedom). In summary, the Lys104Glu mutation increased the rate of cross-bridge binding
(k1) and the rate of execution of the power stroke (ko) and decreased the rate of transition to
a “rigor-like” state. The fact that k3 is smaller in the mutant suggests that cross-bridges stay
attached longer to actin implying that the relaxation would take a longer time to be
completed.

3.7. The effect of Lys104Glu on myosin ATPase and its force production capacity

Two age groups (~6 month old and ~11 month old) of mice were used to obtain myosin
from Tg-MUT and Tg-WT mice. No age-dependent differences within each group were
noted in solution experiments using various batches of myosin (data not shown). Actin-
activated myosin ATPase activity was plotted as a function of F-actin concentration (in uM)
with data points expressed as average + SEM of n=13-16 experiments. The data were fitted
to the Michaelis-Menten equation yielding the Vay and K, parameters. The Vimax
represents the rate constant of the detachment step and the transition from the weakly
(A-M-ATP<+A-M-ADP-Pi) to strongly (A-M-ADP<+>A-M) bound cross bridges. The K,
determines the concentration of actin needed to produce half of the activation of the myaosin
heads and stands for the binding affinity of actin to myosin. Fig. 7A shows a significant
(P<0.01) increase in Vyay in Tg-MUT mice (0.62+0.03 s~1, n=13) compared to Tg-WT
(0.27+0.04 s71, n=16). The Ky, values were not different between Tg-WT (5.0+2.4 uM,
n=16) and Tg-MUT (6.6+£0.9 pM, n=13) mice. These results demonstrate that while the
Lys104Glu mutation does not change the affinity of binding (no change in Ky, it facilitates
the detachment state and thus produces the quicker ATPase cycle (increase in Viax)
compared to WT.

In order to assess the acto-myosin interaction in the presence of a frictional load, the in vitro
motility assays were performed in the presence of a-actinin, a low affinity actin binding
protein. The use of a-actinin was to slow down the actin filament motion and served as an
indicator of the force generation capacity of myosin molecules. Compared with WT,
Lys104Glu-myosin produced a higher actin sliding velocity under no load (no a-actinin
added) (Fig. 7B) without a change in the % motile filaments (Fig. 7C). Increased Vax
observed in the ATPase assays could also be attributed to a contribution of attachment to
velocity as described by others [34, 35] and observed in this report. Both actin sliding
velocity and fraction of motile filaments observed with MUT-myosin decreased drastically
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with increasing amounts of a-actinin with actin filament velocities driven by MUT-myosin
falling below WT values. The reduction in velocity under light and intermediate loads (2-4
pg/ml a-actinin added) is consistent with the reduced muscle relaxation rate determined in
Tg-MUT skinned muscle strips (Fig. 5C). Furthermore, a mutation-induced higher
sensitivity of actin filament velocity to load indicates that the Lys104Glu mutation inhibits
myosin force production. This result is consistent with reduced steady state force observed
in Tg-MUT vs. Tg-WT skinned muscle preparations (Fig. 5A), and suggests that the
Lys104Glu mutation may affect, at least in part, the myosin's force production capacity.

4. Discussion

The Lys104Glu mutation in the myosin RLC has been linked to familial hypertrophic
cardiomyopathy [19], but the molecular mechanism underlying its effect on heart function is
not known. Limited clinical reports that identified this new Lys104Glu — MYL2 variant also
revealed a paternally inherited splice site mutation present in the Lys104Glu positive
proband, confounding the genetic basis of HCM in the family [18, 19]. In this study, we
aimed to evaluate the functional consequences of Lys104Glu using transgenic mice (Tg-
MUT) expressing the mutant RLC in the heart. The in vivo and in vitro phenotypes
associated with Lys104Glu-RLC were compared to those observed in our previously
generated Tg-WT mice [6], expressing the WT human ventricular RLC.

Echocardiography assessment of Tg-MUT mice showed no sign of LV hypertrophy at 6
months with similar anterior and posterior walls and LV-mass. However, they displayed
early signs of diastolic dysfunction with a significantly reduced E/A ratio and a borderline
prolonged deceleration time compared to Tg-WT mice (Fig. 2 and Table 1). Mature animals
(>13 months of age) from both groups had similar body weights but Tg-MUT demonstrated
significant hypertrophy of concentric phenotype manifested by reduced dimensions of the
LV cavity in systole and diastole and a higher LV mass compared to Tg-WT mice (Table 2).
Cardiac hypertrophy observed in mature Tg-MUT mice did not compromise their EF, which
was actually higher than in Tg-WT mice (Table 2). This observation however is not
unexpected and consistent with human studies monitoring a significantly reduced LV
function with a preserved or augmented EF in HCM patients [27, 28]. In accord with
echocardiography results, histopathology evaluation demonstrated a mild to severe fibrosis
in Tg-MUT hearts (Fig. 3B), another characteristic feature of HCM [30]. Hence, the in vivo
and histological phenotypes observed in Tg-MUT mice strongly support the causative role
of the Lys104Glu mutation in the RLC in the development of HCM in mice. Noteworthy, in
line with the fibrotic lesions observed in Tg-MUT hearts, the passive tension results imply a
mutation induced increase in passive stiffness in Tg-MUT mice compared to Tg-WT. The
latter result suggests potential diastolic filling abnormalities in Tg-MUT mice, the
phenotype observed in the Lys104Glu-positive proband [19]. The tendency for longer
isovolumic relaxation time (Tau) and a significantly decreased E/A ratio observed in Tg-
MUT mice (Table 1), suggests a mutation induced diastolic disturbance phenotype.

Given the unique position of the RLC within the lever arm domain of the myosin head [2],
one can understand why a structural change brought about by the lysine residue to glutamic
acid substitution leads to alterations in cross-bridge function and somewhat abnormal
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myosin ATPase cycling kinetics. As we observed in Fig. 7A, the ATPase activity of the
mutant myosin was significantly higher than that of the WT. The Vax Of actin activated
myosin ATPase can be determined by two parameters, the cross bridge cycling rate and the
number of myosin cross bridges participating in the cycle. The higher Vax noted for MUT-
myosin suggests that either myosin cross bridge cycling rates were augmented or there were
more MUT vs. WT cycling cross-bridges interacting with actin. Consistently, actin sliding
velocity, Vaeiin Was increased at low loads for MUT when compared to WT (Fig. 7B), while
on the other hand, maximal steady state force was significantly lower in the mutant
compared with WT controls (Fig. 5A). Therefore, an increase in MUT-myosin cycling rates
seems more likely to be responsible for the elevated Vpax.

Although the mutant myosin exhibits a higher unloaded Vi, in the in vitro motility assay,
actin sliding velocity in the presence of a-actinin-induced frictional load is decreased in the
MUT compared to WT myosin (Fig. 7BC) suggesting that the Lys104Glu mutation may
affect, at least in part, myosin force production capacity. The ability of myosin to contract
against load is crucial to its function in the heart. The inverse relationship between load and
contraction velocity has long been recognized to represent the load dependence of
actomyosin biochemical transitions and the economy of tension generation [36]. The
Lys104Glu-induced disruptions in sensitivity of myosin to exogenous load may lead to
inefficient ATP utilization during loaded filament sliding. A similar disruption of load-
dependent myosin mechanochemistry has been associated with other RLC-HCM mutations,
Asn47Lys and Arg58GlIn [3], suggesting a common mechanism for the effects of RLC
mutations on myosin strain dependent biochemistry. Taken together, the higher ATP
consumption, altered load dependence, and a lower force generated by Tg-MUT hearts may
suggest low efficiency of contraction in the mutant. In line with this, the EM results showed
more mitochondria recruited by Tg-MUT myocardium compared to Tg-WT (Fig. 4AB),
confirming higher energy demands in the mutant hearts.

Phosphorylation of myosin RLC has been shown by many to regulate the multifaceted
protein-protein interactions and fine-tune cardiac muscle contraction [9, 37]. Reduced RLC
phosphorylation was implicated in abnormal heart performance and cardiac disease [32, 38,
39]. Therefore, we pursued to determine the effect of the Lys104Glu mutation on the level
of RLC phosphorylation in Tg-MUT vs. Tg-WT myocardium. We hypothesized that the
mutation-induced inhibition in myosin phosphorylation may contribute to the Lys104Glu -
mediated development of HCM. Our result of ~2-fold lower level of RLC phosphorylation
observed in the hearts of young and old Tg-MUT vs. age matched Tg-WT mice (Fig. 4C)
supports this hypothesis and is consistent with our earlier data showing compromised RLC
phosphorylation that occurred concurrently with reduced maximal tension in other RLC
models of HCM [21, 31, 40]. It is therefore plausible that a mutation-induced inhibition of
RLC phosphorylation in Tg-MUT mice contributes to a diminished level of maximal steady
state force and slower muscle relaxation kinetics (Fig. 8). These molecular events trigger
diastolic disturbance in Tg-MUT mice further manifested by significantly lower E/A
transmitral velocities ratio and borderline prolonged Tau (Table 1, Fig. 8). In addition to
diastolic disturbance, inefficiency of energy use indicated by reduced contractile force and
faster ATP consumption may underlie the Lys104Glu-mediated HCM phenotype.
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5. Conclusions

The current study demonstrates the effects of HCM-associated mutation in the myosin RLC
on heart morphology, cardiac function in vivo and contractile parameters assessed in cardiac
muscle preparations in vitro. Our results provide potential mechanisms by which the
Lys104Glu mutation may lead to HCM in transgenic mice. As schematically demonstrated
in Fig. 8, the Lys104Glu mutation appears to enhance unloaded myosin function (increased
ATPase activity and increased Vi, at low loads), but as the load increases it significantly
reduces myosin performance (reduced isometric force and Vgtin in the presence of load)
indicating a mutation-induced disruption of myosin load-dependent mechanochemistry. The
mutation also results in elevated passive tension and slower muscle relaxation. These
molecular events further trigger morphological and functional remodeling of the heart
manifested by abundant mitochondria, development of fibrosis and altered diastolic indices.
These changes are anticipated to result in diastolic disturbance in Tg-MUT mice, which
together with inefficiency in energy use and diminished RLC phosphorylation may trigger
the development of Lys104Glu-RLC induced heart disease.
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Figure 1. The Lys104Glu mutation in the human ventricular RLC expressed in transgenic mice
A. Amino acid sequence of the human ventricular myosin RLC (GenBank accession no.

P10916) and the sites of HCM-associated mutations (underlined); also indicated the Ser15
phosphorylation site and the Ca2*-binding site (shadowed). B. RLC-Lys104Glu expression
in transgenic mice. Atrial (upper panel) and ventricular (lower panel) myofibrils from Tg-
MUT L2, L3 and L7 mice were probed for protein expression: 95+2% (n=12) (L2), 97£1%
(n=12) (L3) and 99+0.5% (n=12) (L7) of Lys104Glu RLC mutant were incorporated into the
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hearts of Tg-MUT mice compared to 97.0+3% (n=12) of Tg-WT L2 generated previously
[6]. The data are presented as average of n experiments performed on cardiac myofibrils and
heart extracts + SEM. No differences in protein expression level were observed between the
preparations. Note that RLC,entr. migrated faster than RLCtig) While no differential gel
mobility was monitored between the mouse and human RLC,ent,. Abbreviations: NTg, non-
transgenic; L, mouse line; RLCentr., ELCyentr., ventricular isoforms of RLC or ELC. C.
Real-time PCR quantification of human MYL2 gene expression in the atria and ventricles of
Tg-WT and Tg-MUT L2, L3 and L7 mice. The results were expressed as a ratio of MYL2 to
GAPDH (housekeeping gene). Note that similar levels of mMRNA expression were observed
between atria (A) and ventricles (V) in all tested transgenic lines.
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Figure 2. Representative images of mitral inflow of 6 month old Tg-MUT (A) and Tg-WT (B)
mice
Notice a reduced E/A ratio in Tg-MUT compared with Tg-WT.
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Figure 3. Histopathological assessment of left ventricular tissue from transgenic mice
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A. Hematoxylin and eosin (H&E), and B. Masson’s trichrome stained LV sections from 4.6
(young), 8.6 (intermediate) and 15.8 (old) month-old Tg-WT and 3.9 (young), 8
(intermediate) and 14.6 (old) month-old Tg-MUT mice. Note the progression of fibrosis in
Tg-MUT hearts in mice of 8 to 15 months of age.

J Mol Céell Cardiol. Author manuscript; available in PMC 2015 September 01.



1duosnue Joyny vd-HIN 1duosnue N Joyny vd-HIN

1duosnuel Joyiny vd-HIN

Huang et al.

4 month-old 14 month-old

1.0 *
z

— %

o
o
|

o
S

o
N
I

Relative VDAC/ELC band intensity

MUT MUT

3 month-old 18 month-old

Degree of RLC phosphorylation
=
(=21

0.4 L
0.2 |
0.0

MUT WT MUT

J Mol Cell Cardiol. Author manuscript; available in PMC 2015 September 01.

Page 21



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Huang et al.

Page 22

Figure 4. Mitochondrial content assessment (A, B) and analysis of protein phosphorylation (C) in
the hearts of Tg-MUT vs. Tg-WT mice

A. Transmission electron micrographs showing sarcomeric ultrastructure of LV tissue from
6 month-old transgenic mice. The magnification is 10,500 X. Bar = 1 um. Black arrows
depict the Z-discs and white arrows the mitochondrial structures. Note, more mitochondria
are recruited in the mutated hearts compared to WT controls. B. Assessment of
mitochondrial content in Tg-MUT vs. Tg-WT mice. Upper panel: SDS-PAGE of heart
extracts probed for VDAC (porin) protein and normalized for the myosin ELC, used as a
loading control. Lanes 1 and 3, Tg-WT 4 and 14 month-old, respectively; lanes 2 and 4, Tg-
MUT, 4 and 14 month-old, respectively. Lower panel: Band intensity ratios derived from gel
samples run for young and old Tg-WT and Tg-MUT extracts. 14 myocardial extracts were
used for each group of mice. Note that the mitochondrial content was significantly (P<0.05)
higher in young and old Tg-MUT vs. Tg-WT hearts. C. Analysis of RLC phosphorylation.
The level of RLC phosphorylation was determined with phospho-specific RLC antibodies
and compared to the total RLC content assessed with a rabbit polyclonal RLC CT-1
antibody recognizing total RLC protein. Myofibrillar preparations from left ventricles of Tg-
MUT (L2 and L3) and Tg-WT L2 mice were used. Upper panel, representative Western blot
demonstrating lower RLC phosphorylation in Tg-MUT compared with Tg-WT mice. Lane
1, Tg-WT (3 month-old); lane 2, Tg-MUT (3 month-old); lane 3, Tg-WT (18 month-old);
lane 4, Tg-MUT (17 month-old); lane 5: —P RLC standard protein; lane 6, +P RLC standard
protein. Lower panel, quantification of RLC phosphorylation in Tg-MUT vs. Tg-WT mice.
The data were collected from 13 independent Western blots. Note that young and old Tg-
MUT mice showed a significantly lower level of endogenous RLC phosphorylation
compared to age matched Tg-WT (P<0.05). Abbreviations: VDAC, Voltage-dependent
anion channel; —P, unphosphorylated RLC; +P, phosphorylated RLC; L, mouse line.
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Figure 5. Steady state force (A), calcium sensitivity of force (B), muscle relaxation kinetics (C)
and passive tension measurements (D) in skinned papillary muscle strips from Tg-WT and Tg-
MUT mouse hearts

A. Maximal tension assessment at saturating (pCa 4) calcium concentrations. Note Tg-MUT
skinned papillary muscle strips developed a 1.4-fold lower maximal force (per cross-
sectional area of muscle strip) compared with Tg-WT (P<0.01). Error bars represent SEM.
B. Calcium sensitivity of force in skinned papillary muscle strips from Tg-WT vs. Tg-MUT
mice. No significant (P>0.05) changes in the Ca2* sensitivity of force or Hill coefficient
values were observed between the strips from Tg-MUT animals compared with Tg-WT.
Error bars represent SEM. C. Muscle relaxation dependence in Tg-MUT and Tg-WT
papillary muscle strips. A significant reduction in relaxation rates was observed in Tg-MUT
vs. Tg-WT muscle strips (P<0.01). D. Assessment of passive tension (passive stiffness)
under relaxation conditions (pCa 8). Error bars represent SEM. Note significantly increased
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levels of passive tension in Tg-MUT compared to Tg-WT mice (P<0.001, as determined by
ANOVA for repeated measurements).
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Figure 6. Fluorescence lifetime image of relaxed myofibril (A) and the 3-state model of muscle
contraction (B)
A. Native myosin ELC was exchanged with 10 nM SeTau-ELC in myofibrils as described in

Materials and Methods. In the image, the gray circle represents a projection of the confocal
aperture on the sample plane (diameter 0.5 um). The black and white scale is from 0 (black)
to 168 (white). Scale bar = 5 pm, sarcomere length = 2.1 pm. Images were acquired on a
PicoQuant Micro Time 200 confocal lifetime microscope. The sample was excited with a
640 nm pulsed laser and observed through a LP 650 nm filter. B. The anisotropy values
associated with different cross-bridge states are 0 for MT MDP, intermediate for AMDP and
maximum for AM, AMD and AMT* (rigor, strongly bound or near rigor) states.
Autocorrelation function (ACF ) of such a process is shown schematically as the dashed
line. Abbreviations used in the 3 state model of muscle contraction: M, Myosin; D, ADP; P,
inorganic phosphate; A, F-actin; T, ATP.
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Figure 7. Actin-activated myosin ATPase activity (A), and Frictional load in vitro motility assays
B,C
,(A Méasurements were performed on myosin isolated from left and right ventricles of Tg-
MUT and Tg-WT mice (6-7 hearts per preparation). ATPase assays were run in triplicate
with n=16 individual measurements for WT and n=13 for Tg-MUT. Note, significant
differences in Vmax and no difference in K, between the groups. B. Actin sliding velocity as
a function of a-actinin concentration. Tg-MUT myosin propelled actin at a higher unloaded
sliding velocity. However, once a-actinin was applied to the flow cell the velocity dropped
until reaching a plateau of ~0.25 um/s. Conversely Tg-WT myosin had a slower unloaded
velocity that dropped less steeply with a-actinin concentration until ~4 pg/ml a-actinin. At
higher a-actinin concentrations velocity declined to a plateau similar to Tg-MUT. C.
Fraction motile filaments as a function of applied a-actinin. The fraction of motile filaments
for both Tg-WT and Tg-MUT illustrates a similar relationship as observed for velocity in B
for the mutant myosin. However, WT myosin plateaus at a higher percent filaments motile
than the mutant myosin, consistent with a reduction in force generation by Tg-MUT [41].
Error bars represent SEM.
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Figure 8. Integrated molecular effects of the Lys104Glu mutation in the myosin RLC depicted at
the level of sarcomere and the whole heart that contribute to the development of hypertrophic
cardiomyopathy (HCM) in transgenic mice

At the sarcomere level, the Lys104Glu mutation leads to a decrease in contractile force,

increased maximal ATPase activity, and a decrease in muscle relaxation rate. It also results
in elevated passive tension. Disruption of myosin load-dependent mechanochemistry is most
likely responsible for adverse changes in force production in Tg-MUT mice. These
molecular events further trigger morphological and functional remodeling of the heart
manifested by abundant mitochondria, development of fibrosis and altered diastolic indices.
These changes are anticipated to result in diastolic disturbance in Tg-MUT mice, which
together with inefficiency in energy use and diminished RLC phosphorylation may trigger
the development of Lys104Glu-RLC induced heart disease.
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Echocardiography and hemodynamic parameters in 6 month old Tg-MUT vs. Tg-WT mice

Tg-Lys104Glu  Tg-WT §
Echo/Doppler (n=10 males) (n=10 males) P-value
Heart Rate (bpm)  480+16 471+14 >0.05
Weight (g) 32+1.3 36+0.8 >0.05
Ant. wall (mm) 0.86+0.05 0.87+0.03 >0.05
Post. wall (mm) 0.72+0.04 0.71+0.02 >0.05
EF (%) 64+1.7 64+2.7 >0.05
Dec. time (ms) 25%2.2 21+1.8 >0.05
E/A 1.5i0.05* 1.8+0.16 0.011
Ele’ 262 262 >0.05
e’ (mm/s) -31+2 -30+2 >0.05
s’(mm/s) 27+0.9 28+1.3 >0.05
Invasive Tg-Lys104Glu  Tg-WT
hemodynamics (n="5 males) (n=6 males)
dp/dtmax 9,319+613 10,840+1,244 >0.05
(mmHg/s)
(dp/dtmax)/ 162.0£19.7 174.4+11.2 >0.05
(P@dp/dtmax)
(1/s)
PRSW (mmHg) 79.8+7.7 94.9+6.4 >0.05
dp/dtmin -7,911+1,188  -11,024+947  0.068
(mmHg/s)
Tau (ms) 7.1+1.3 4.5+0.3 0.059

Table 1

Page 30

Data are mean + SEM. Abbreviations: Ant., anterior; Post., posterior; EF, Ejection Fraction; Dec., deceleration; E, early mitral inflow; A, late
mitral inflow; €', early diastolic velocity; s', systolic tissue velocity; dp/dtmax, maximum derivative of LV pressure; (dp/dtmax)/(P@dp/dtmax),
ratio of dp/dtmax to pressure at dp/dtmax; PRSW, Preload Recruitable Stroke Work; dp/dtmin, minimum derivative of LV pressure; tau, time

constant (isovolumic relaxation time);

, significant difference compared to Tg-WT.
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Table 2

Echocardiography indices in senescent Tg-MUT vs. Tg-WT mice

Tg-Lys104Glu  Tg-WT P-value

Number of mice 12 (9 males) 15 (11 males)

Body weight (g) 36.58+2.64 33.60+1.56 >0.05
Heart Rate (bpm)  406+52 483+19 >0.05
Ant. wall (mm) 1.19+0.07 0.70+0.02 <0.01
Post. wall (mm) 1.12+0.09 0.72+0.02 <0.01
LV diameter in 3.65+0.13 4.22+0.10 <0.01

diastole (mm)

LV diameter in 2.12+0.08 2.84+0.10 <0.01
systole (mm)

LV mass (Ma/g 4.9+0.33 3.3+0.12 <0.01
weight)

LV,-end- 57+5 86+4 <0.01
diastole (u1)

LVyo-end-systole  15+1 3343 <0.01
(1)

EF (%) 73.02+2.33 62.12+1.99 <0.01

Data are mean £ SEM. Abbreviations: Ant., anterior, Post., posterior; LVmass, mg of LV weight divided by body weight; LV, LV volume;
LVyol-end-systole, LV volume at the end of systole; EF, Ejection Fraction.
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