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Abstract

In this study, we focus on the molecular mechanisms associated with the A57G (Ala57-to-Gly57)
mutation in myosin essential light chains (ELCs), found to cause hypertrophic cardiomyopathy
(HCM) in humans and in mice. Specifically, we studied the effects of A57G on the super-relaxed
(SRX) state of myosin that may contribute to the hypercontractile cross-bridge behavior and
ultimately lead to pathological cardiac remodeling in transgenic Tg-A57G mice. The disease
model was compared to Tg-WT mice, expressing the wild-type human ventricular ELC, and
analyzed against Tg-A43 mice, expressing the N-terminally truncated ELC, whose hearts
hypertrophy with time but do not show any abnormalities in cardiac morphology or function. Our
data suggest a new role for the N terminus of cardiac ELC (N-ELC) in modulation of myosin
cross-bridge function in the healthy as well as in HCM myocardium. The lack of N-ELC in Tg-
A43 mice was found to significantly stabilize the SRX state of myosin and increase the number of
myosin heads occupying a low-energy state. In agreement, A43 hearts showed significantly
decreased ATP utilization and low actin-activated myosin ATPase compared with A57G and WT
hearts. The hypercontractile activity of A57G-ELC cross-bridges was manifested by the inhibition
of the SRX state, increased number of myosin heads available for interaction with actin, and
higher ATPase activity. Fiber mechanics studies, echocardiography examination, and assessment
of fibrossis confirmed the development of two distinct forms of cardiac remodeling in these two
ELC mouse models, with pathological cardiac hypertrophy in Tg-A57G, and near physiologic
cardiac growth in Tg-A43 animals.
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Introduction

Myosin essential light chains (ELCs; also known as alkali light chains) play an important
role in muscle contraction, yet their specific functions in various muscle types: cardiac,
skeletal, or smooth muscles, are not well understood [1]. In fast-twitch skeletal muscles, two
ELC variants are expressed by the MYL1 gene [2], but due to a differential splicing event,
they differ by a ~ 43-amino acid (aa)-long NH, terminus (N-ELC). In smooth muscle, only
the shorter ELC is present, whereas the exclusive expression of the long ELC (produced by
the MYL3gene) containing the N-ELC is observed in the heart [1]. The question that we
address in this study regards the cardiac-specific expression of the N-ELC and its role in
regulating myosin motor function in the normal heart and in cardiomyopathy disease
associated with A57G (Ala57—Gly57) mutation in MYL3, encoding the human ventricular
ELC wild-type protein (ELC-WT). The mutation was discovered in two unrelated Korean
families and one Japanese man with hypertrophic cardiomyopathy (HCM) and was
associated with a classic asymmetric septal hypertrophy and sudden cardiac death (SCD)

[3].

A modeling study of Aydt er al. [4] pictured the N-ELC as a rod-like 91 A-long extension
that can bridge the myosin head with the actin filament, highlighting the importance of this
ELC region for actin-myosin interaction, force development, and cardiac muscle
contraction. Investigation by Kazmierczak et al. [5] revealed that genetic ablation of the N-
ELC in transgenic (Tg) A43 mice, expressing truncated human ventricular ELC mutant
(A43), made A43 hearts prone to hypertrophy, but no signs of histopathology or fibrosis were
observed, and the mice did not manifest any signs of functional abnormalities by magnetic
resonance imaging. Furthermore, no differences in steady-state parameters of contraction in
skinned papillary muscles (PM) were recorded (Fmax and pCasp) in Tg-A43 versus Tg-WT
mice, reinforcing the notion that Tg-A43 mice do not show pathological-like hypertrophy
[6]. In contrast, mice expressing the human ventricular A57G-ELC mutant showed
pathological cardiac morphology including extensive disorganization of myocytes and
interstitial fibrosis, and diminished function (lower Ay, increased Ca2* sensitivity)
compared with Tg-WT mice [6-8]. Exposure to strenuous exercise via swimming led to
hypertrophy and pathological cardiac remodeling only in Tg-A57G animals, with no
changes in Tg-A43 hearts, which maintained a nonpathological cardiac phenotype [6]. These
humanized models of ELC-mediated cardiac remodeling, expressing human ventricular ELC
variants, were further analyzed in the current report with the focus on the super-relaxed
(SRX) state, a novel concept in the field of myosin that has not been explored for any of
myosin ELC mutations before.

The contraction of the heart is a tightly regulated process that depends on the CaZ* and ATP-
regulated interaction between the actin-containing thin filaments and the myosin-containing
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thick filaments [9]. During cardiac muscle contraction/relaxation, myosin can be
characterized by three states: an active/force-producing state, a disordered relaxed state
(DRX), and a super-relaxed state (SRX) [10,11]. In DRX, myosin cross-bridges protrude
into the interfilament space but are restricted from binding to actin and producing force,
while in SRX, they display an ordered head arrangement along the thick filament axis and a
highly inhibited ATP turnover rate [10,12]. The presence of the folded state of myosin,
where the heads interact with each other and with the part of myosin heavy chain (MHC)
and form so-called interacting head motif (IHM) structures [13], is hypothesized to be the
origin of SRX [14]. In the heart, SRX serves as a modulator of cardiac energy utilization,
involved in decreasing metabolic rate in both normally functioning myocardium and during
times of stress, for example, cardiomyopathy [12].

The scientific premise of this study builds on the reports from our and other laboratories
demonstrating that the cardiac-specific N-ELC may play an important role in regulating
myosin motor function and force production in muscle [5,8,15-21]. We hypothesize that
cardiac N-ELC works as a molecular linker/switch of the actin-myosin interaction by
regulating the SRX-to-DRX transition and hence the proportion of myosin heads that are
available for the interaction with actin. We further hypothesize that the clinical phenotype of
hypercontractility associated with HCM may depend on the excessive number of myosin
heads that transition from SRX to DRX and to force-producing state, resulting in premature
left ventricular (LV) contractions compared to healthy myocardium. To address these
hypotheses, we used our developed ELC-humanized mouse models of HCM (Tg-A57G) [7]
along with Tg-A43 mice, lacking the N-ELC [5], and the results were compared to age- and
sex-matched WT-ELC mice. Specifically, the effect of each ELC modification in the hearts
of mice was analyzed in relation to the SRX-DRX equilibrium and the mutation-specific
alterations of heart function in vivothat contribute to the development of pathological-versus
physiologic-like hypertrophy observed in Tg-A57G and Tg-A43 mice, respectively.

Cross-bridge behavior is antagonistically regulated in Tg-A57G versus Tg-A43 mice

The recently discovered SRX state of cardiac myosin serves as an innovative research tool to
study the molecular basis of the energetic state of the heart at the level of sarcomere in
health and in cardiac disease [10,22]. HCM is commonly associated with an increase in
energy cost of tension generation through inefficient or excessive ATP usage [23]. This may
come about by shifting myosin heads out of the energy-conserving SRX state into the
disordered DRX or active states, where ATP usage is greatly increased [12]. To detemine the
effect of ELC mutations on the SRX state of myosin, quantitative epifluorescence
measurements were performed on skinned PM as described by Yadav et al. [24]. This
method takes advantage of known kinetics of the cross-bridge cycle and a fluorescent
nucleotide mantATP, an analogue of ATP that binds strongly to myosin but with a 2.5-fold
increase in fluorescence emission compared with dark ATP. This increase in fluorescence is
lost upon dissociation from myosin as mant-nucleotide is exchanged for ATP [12]. Skinned
mouse cardiac PM fibers from Tg-WT, Tg-A57G, and Tg-A43 mice (diameter of ~ 100 um)
were incubated in a relaxing solution containing 250 uM mantATP. Then, the fibers were
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mounted in a flow cell of the lonOptix apparatus and subjected to nucleotide exchange assay
using 4 mm dark ATP-relaxing solution. Decay in fiber fluorescence was recorded as the
mant-nucleotides were released from myosin and replaced by dark ATP [25]. Figure 1A-D
shows the time-dependent average fluorescence decay curves, including simulated single-
exponential curves of the fast and slow phases of decay for Tg-WT (blue trace), Tg-A57G
(green trace), and Tg-A43 (red trace) genotypes. The curves were fitted to a double-
exponential equation:

F =1-PI(1 —exp(—t/T1)) — P2(1 — exp(—t/T2))

where P1 and P2 (in %) are the relative fractions of fiber fluorescence (amplitudes) of DRX
and SRX states and are characterized by the fast T1 and slow T2 fluorescence lifetimes (in
seconds), respectively (Fig. 1E; Table 1). Specifically, P1 and P2 illustrate the population of
myosin heads remaining in fast relaxed or slow super-relaxed states. As shown in Table 1,
PM obtained from Tg-A57G showed a significant increase in the proportion of myosin heads
in the DRX state (P1 = 70%) compared with WT (P1 = 60%). This difference is coupled to a
significant decrease in the proportion of myosin heads existing in SRX in A57G (P2 = 28%)
compared with WT (38%). Interestingly, deletion of the N-ELC in Tg-A43 animals resulted
in a significant increase in fraction of myosin heads existing in SRX (P2 = 48%) and a
corresponding decrease in DRX (P1 = 50%) compared with WT fibers (Fig. 1E). No
significant differences were noted in lifetimes of both phases, T1 and T2, among all tested
genotypes (Table 1).

In addition, we evaluated the functional consequences of ELC genetic manipulations on the
enzymatic activities of mutant myosins and their ability to interact with actin using myosin
preparations purified from right and left ventricles of Tg-A57G, Tg-A43, and Tg-WT mice
using the actin-activated myosin ATPase assays, as described earlier [26]. The specific
ATPase readings were plotted as a function of increasing F-actin concentration, from 0 to 15
UM (Fig. 2A). Consistent with previously published results [15], Tg-A57G myosin
demonstrated a significantly higher actin-activated ATPase activity: Vi =0.72 +0.10 572
compared with Tg-WT: Vinay = 0.62 + 0.08 s1. On the other hand, deletion of the N-ELC in
Tg-A43 mice led to a significant decrease in Vinay = 0.45 + 0.09 s~ compared with Tg-WT
myosin (Fig. 2B). Since Vinax represents the velocity of the cross-bridge cycling, results
from this experiment suggest that the A57G mutation speeds up the cross-bridge turnover
rate of the actomyosin cycle, while A43-ELC slows it down. The Vjax data may also
indicate an increased number of A57G myosin heads and a reduced number of A43 heads
capable of interacting with actin. The latter interpretation of ATPase results is in accord with
the SRX data showing a significant increase in the proportion of A57G myosin heads in the
DRX state compared with WT, while the A43-ELC heads demonstrated a significant
increase in the SRX state (Table 1). These results also reveal significant differences in the
energetic state of the heart between these two mouse models, with Tg-A57G hearts showing
increased ATP utilization and Tg-A43 hearts characterized by low ATP demand/usage.
Interestingly, K, values, depicting actin concentrations needed to reach half V%, Were not
statistically different among the genotypes (Ky, in pm: 0.71 £ 0.09 for Tg-A57G, 0.65 + 0.12
for Tg-A43, and 0.84 T 0.22 for Tg-WT) (Fig. 2C).
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The HCM-linked A57G mutation, but not A43-ELC, alters force and Ca?* transients in

cardiac PM

We have also examined the cross-bridge contraction/relaxation kinetics in intact PM from
Tg-A57G and Tg-A43 mice and compared with age- and sex-matched Tg-WT (Fig. 3).
Using the lonOptix Calcium and Contractility Recording System, force transients were
recorded in PM of SL =~ 2.2 um and subjected to 8 V at 1 Hz stimulus [26]. No differences
were seen in the rate of contraction among the genotypes (Fig. 3A). Likewise, no differences
were noted in the rates of force relaxation in Tg-A57G or Tg-A43 versus Tg-WT mice (Fig.
3B; Table 2). However, Tg-A57G muscles displayed significantly faster relaxation times
compared with Tg-A43 mice, as demonstrated by shorter tys, t5q, and ty5 values depicting the
time (in ms) from peak force to 25%, 50%, and 75% of the baseline and revealing
differences in their cycling characteristics (Fig. 3B; Table 2). The maximal force developed
by PM in these mice, calculated using the physiologic cross-sectional area of each muscle
(PM mass/PM density/PM length) and expressed in mN-mm~2 [27], was not different among
the genotypes (Fig. 3C).

To investigate the effect of ELC mutations on Ca?* homeostasis and sarcoplasmic reticulum
Ca?* release and uptake, intact PM from mice were loaded with Fura-2 Ca%* indicator and
[Ca?*] transients were recorded. In agreement with the hypercontractile behavior seen for
A57G cross-bridges, [Ca2*] transients were significantly delayed in Tg-A57G mice
compared with Tg-WT animals (Fig. 4A), suggesting a potential for HCM-A57G-induced
diastolic dysfunction. The differences in t5g and t75 between Tg-A57G and Tg-WT muscles
were statistically significant (Fig. 4B), while no differences were noted between Tg-A43 and
Tg-WT mice, indicating no abnormalities in heart diastolic function in Tg-A43 animals (Fig.
4B; Table 2).

In vivo assessments of Tg-ELC mice show LV hypertrophy and abnormal cardiac function
in Tg-A57G animals and LV hypertrophy without cardiac dysfunction in Tg-A43 mice

To gain insight into A57G-versus A43-related heart remodeling /n vivo, cardiac morphology
and function were assessed in all experimental groups of mice using B- and M-mode
echocardiography, and pulse-wave and tissue Doppler analysis, as described in Yadav et al.
[28]. Heart rate (HR) and body temperature (37.0 = 1 °C) were carefully monitored and
controlled during data acquisition to avoid any effects on cardiac function and subsequent
data analysis. The average HR was 459 + 61 and 444 + 58 for Tg-A57G and Tg-A43 mice,
respectively, compared to 477 + 45 for WT (Table 3). No differences in ejection fraction
(EF) or fractional shortening (FS) were observed among Tg-A57G, Tg-A43, and Tg-WT
animals (Table 3). M-mode echocardiographic measurements revealed a significant increase
in LV anterior wall thickness in diastole and systole (L\VVAW;d,s) and in posterior wall
thickness (LVPW;d,s) for Tg-A57G compared with Tg-WT (Fig. 5A; Table 3). Likewise,
Tg-A43 hearts demonstrated significant increases in LVPW;d,s and L\VAW;d, indicating
cardiac hypertrophy in N terminus ELC-truncated Tg-A43 mice (Table 3). Consistently, LV
mass (in mg) obtained from M-mode measurements was increased in Tg-A43 (169 + 52)
compared with Tg-WT (123 £ 28) mice and in Tg-A57G (168 + 43) versus Tg-WT animals,
but the differences did not reach statistical significance (Fig. 5A; Table 3). No differences
were observed in LV inner diameter (LVID) in systole and diastole among all mouse models.
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Pulse-wave and tissue Doppler imaging (TDI) showed significantly increased isovolumetric
relaxation time (IVRT, in ms) in Tg-A57G (22.9 + 1.34) compared with WT (16.4 + 2.73)
mice, but no differences were observed in Tg-A43 (17.2 £ 1.15) versus WT animals (Fig.
5B, Table 3). This result was consistent with delayed Ca2* transients only observed in Tg-
A57G mice, suggesting HCM-related diastolic dysfunction in this mouse model, as observed
previously [7]. The myocardial performance index (MPI), widely accepted as an indicator of
cardiac function and independent from HR and LV shape [29], was significantly higher in
Tg-A57G mice: MPI = 0.80 + 0.13 compared with Tg-WT: MPI = 0.65 £ 0.13 and Tg-A43:
MPI = 0.65 £ 0.11, indicating signs of HCM-related pathology only in Tg-A57G mice (Fig.
5B; Table 3).

We also performed speckle tracking-based echocardiography (STE) (Fig. 5C), shown to be a
valuable tool in assessing myocardial function in clinical and animal studies [30]. It
represents the degree of myocardial lengthening or shortening and provides an accurate
representation of global and regional LV function. One important parameter we can derive
from these analyses is global longitudinal strain (GLS), defined as the change in length of
myocardial tissue compared to the original length and used as a marker of myocardial
deformation and LV impairment [30]. A greater degree of deformation or increased strain is
associated with numerically lower (more negative) GLS values. As shown in Fig. 5C, STE
analysis showed a reduced LV deformation/shortening in Tg-A57G mice, manifested by a
lesser negative value of GLS = -11.8 + 3.56% compared to Tg-WT (GLS = -16.0 + 4.09%),
while no significant changes were observed in Tg-A43 myocardium. Representative three-
dimensional LV longitudinal strain deformation images obtained from Tg-WT, Tg-A57G,
and Tg-A43 animals show contraction/thickening (red/positive values) or relaxation/thinning
(blue/negative values) over six LV segments during four consecutive cardiac cycles (Fig.
5C). Note that LV longitudinal strain deformation has a different scale for Tg-WT compared
to Tg-A57G and Tg-A43, and an orange line linking the scales between the graphs has been
drawn to aid with comparison.

Interstitial fibrosis in HCM-A57G, and not A43 hearts, underlies pathological heart
remodeling in Tg-A57G mice compared with the physiologic-like cardiac hypertrophy
observed in Tg-A43 animals

Fibrosis is a common pathology in HCM, causing mechanical and electrical cardiac
dysfunction [31]. Pathological cardiac remodeling in hypertrophic cardiomyopathy disease
is often characterized by elevated appearance of fibrotic lesions that can be quantitatively
assessed by myocardial hydroxyproline (HOP) concentration [32]. HOP is a major
component of collagen produced from hydroxylation of proline amino acid and is used as a
diagnostic marker for fibrosis. The amount of HOP was measured in LV and intra-
ventricular septum (IVS), and both regions were shown to express high amount of fibrotic
tissues in HCM disease (Fig. 6). For HOP assessments, /7= 10-14 heart samples from Tg-
WT (10 mice), Tg-A57G (8 mice), and Tg-A43 (8 mice) were used. Tg-A57G hearts showed
a significantly higher HOP content (in nmoles HOP per mg tissue) that was equal to 5.5 +
1.6 compared with Tg-WT (3.9 £ 1.4) and Tg-A43 (3.7 £ 1.0) mice (Fig. 6). These results
are in accord with our previous findings on occurrences of fibrosis observed in Tg-A57G
mouse model compared with Tg-WT and assessed by Masson’s trichrome staining [7].
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Results of Fig. 6 are also consistent with histopathological findings in Tg-A57G versus Tg-
A43 hearts showing positive Masson’s staining only in Tg-A57G myocardium [8]. The HOP
data quantitatively differentiate the pathological type of remodeling associated with HCM-
A57G mutation compared with the N-ELC deletion mutation that leads to physiologic-like
cardiac hypertrophy in Tg-A43 mice. Altogether, our /n vivoand in vitro studies clearly
demonstrate that both ELC mutants recapitulate LV cardiac hypertrophy, but only the A57G
mutation leads to a pathological cardiac remodeling with hypercontractile cross-bridge
behavior and subsequent diastolic dysfunction.

Discussion

Cardiac muscle contraction consists of ATP-dependent cyclic interactions of myosin cross-
bridges with Ca2*/tropomyosin/troponin—regulated actin filaments [33,34]. Considering the
importance of cardiac essential light chains for myosin function and the structural stability
of the myosin lever arm, it is not surprising that similar to other genes (MYH7, MBPC3,
MYL2), hereditary mutations in MYL3, residing in human ventricular ELC, can lead to
HCM [3,35-39]. In this study, we continue our efforts in unraveling the mechanisms
associated with the ELC-A57G mutation found to cause HCM in humans [3] and in mice
[7]. Specifically, we aim to understand the role the unique N terminus ELC extension plays
in the actin—-myosin interaction and generation of contractile force in healthy Tg-WT hearts
as well as how it works in HCM, recapitulated in Tg-A57G mouse model [6-8]. The
question is whether N-ELC, by virtue of its direct contacts with actin [5,8,15-18,20,21], can
regulate the proportion of myosin heads that are available for their interaction with actin and
force production in muscle, and whether it can regulate the myosin ATP turnover rate and
the energetic state of the sarcomere. Our previous study revealed that ablation of the N-ELC
in Tg-A43 mice led to cardiac hypertrophy, but the hearts still maintained normal cardiac
performance [5]. The development of two different forms of cardiac hypertrophy is assessed
at the level of myosin cross-bridges and confirmed /n vivo by echocardiography using two
ELC-humanized transgenic mice: Tg-A57G, as a model of HCM, and Tg-A43, as a model of
physiologic-like cardiac growth.

Using a human p-cardiac myosin interactive head motif (IHM) quasi-atomic model, the
Padron Group defined important interactions sites between adjacent myosin heads and
associated protein partners, including myosin ELC, and how the IHM structure, considered
to be the *hot spot’ for HCM mutations, may change in the presence of cardiomyopathy
mutations [13]. Proposed hypotheses suggested that impaired IHM formation and stability,
and attenuation of the super-relaxed state and increased energy consumption may be the
mechanisms underlying the altered contractility and diastolic relaxation in HCM [40]. Like
many of MHC mutations, A57G-ELC is located near the MHC converter and lever arm
domains; the structural regions in the myosin head that are part of IHM, and similar to other
disease-associated mutations positioned in IHM, are thought to be likely pathogenic [13,41].
It has been postulated that mutations that were seen to destabilize the myosin-sequestered
state, in which the heads are inactive and unable to interact with actin, were considered to
have the major negative impact on heart remodeling in HCM [14]. The inhibition of ATP
turnover by myosin heads in the SRX state is caused by binding of the myosin heads to the
core of the thick filament forming the IHM [13]. We used the SRX paradigm to analyze the
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effect of ELC modifications in the hearts of Tg-A57G and Tg-A43 mice on the sequestered
myosin state and the proportion of heads that are available to interact with actin, using
mantATP chase assays developed by Cooke et a/. [10,11]. We show that cardiac N-ELC
directly contributes to the regulation of actin-myosin interactions by controlling the
proportion of myosin heads that are functionally available to interact with actin and produce
force (Table 1). The loss of the N-ELC in Tg-A43 mice promotes the SRX state with low
ATP turnover (Fig. 1) and shows reduced actin-activated myosin ATPase activity (Fig. 2).
This inhibited ATP turnover by A43-ELC myosin could eventually result in a low metabolic
rate of Tg-A43 hearts, leading to cardiac hypertrophic growth, as actually observed in aging
Tg-A43 mice [5,8].

The question still remains by what mechanisms a single mutation in the ELC protein leads to
decreased SRX cross-bridge population, while a large deletion A43 leads to increased SRX
population? Since the A57G ELC mutation is part of IHM [13,41], it is expected to result in
the pathological phenotype, which was actually confirmed /n vivoin Tg-A57G mice [6-8].
The hypercontractility phenotype associated with A57G was manifested by increased
calcium sensitivity of contraction in skinned papillary muscle fibers and increased cardiac
output /n vivo by echocardiography and invasive hemodynamics [7]. Using small-angle X-
ray diffraction, we showed that A57G mutation led to decreased interfilament lattice spacing
and increased I1 1/11 g ratio in rigor when all cross-bridges are attached to actin, both
measures suggestive of hypercontractile cross-bridge behavior [8]. In agreement with our
previously published structural data, Figs 1 and 2 of the current report support the A57G-
mediated hypercontractile activity manifested by inhibited myosin’s sequestered state and
enhanced transition from the SRX to DRX state as well as increased actin-activated myosin
ATPase activity of A57G-mutated cardiac preparations. Findings for A57G are consistent
with other studies linking HCM mutations in cardiac sarcomere with a disrupted SRX
[22,25], but are contradictory to other reports showing HCM-associated R58Q mutation in
myosin RLC promoting the SRX state [24,42]. Structural work from the Houdusse
laboratory reconciles these models and explains how distinct HCM mutations can have
disparate effects on the motor mechanochemical parameters and yet lead to the same disease
[41].

Contrary to the observations in HCM-A57G, the deletion of the N-ELC in Tg-A43 mice led
to stabilization of the SRX (Fig. 1), decreased myosin ATPase activity (Fig. 2), and longer
relaxation times of force transients (Fig. 3). These data are in agreement with the findings of
Miller and coworkers who suggested a new role for the N-ELC to inhibit the reversal of the
power stroke, thereby increasing the number of myosin heads available for myosin—actin
interaction [21]. Based on our data, we can conclude that cardiac N-ELC works as a
molecular linker and/or energetic switch of the actin-myasin interaction by regulating the
transition of myosin cross-bridges from SRX to DRX state and altering the proportion of
myosin heads that are available for the interaction with actin. The lack of N-ELC in Tg-A43
mice promotes the SRX and counteracts the hypercontractile HCM cross-bridge behavior.
Interestingly, results of our previous investigation demonstrated that the cross-bridge
kinetics in Tg-A43 skinned PM preparations were accelerated owing to an acceleration of
the cross-bridge detachment step and that the number of strongly attached cross-bridges was
decreased because of a reduction of the equilibrium constant of the force generation step
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[19]. Quantum dot-labeled actin motility assays performed on myosin purified from Tg-A43
and Tg-A57G hearts led us to the conclusion that the N-ELC uses the novel mechanism of
step-size and step-frequency modulation to affect power output, providing basis for
regulating cardiac myosin power generation /n vivo, and that the disease-causing A57G
mutation located in the vicinity of the N-ELC may work through direct alterations of N-

EL C-actin interactions and force production in muscle [15,18]. These earlier data are fully
supported by the current investigation and highlight the importance of the N-ELC in
maintaining the myosin motor function during force generation and optimal cardiac
performance.

In vivoresults, from echocardiography examination of Tg-A57G and Tg-A43 mice and from
intact papillary muscle fiber studies, confirmed an A57G-mediated pathological type of
heart remodeling compared to physiologic-like hypertrophy observed in transgenic ELC-
A43 mice (Tables 2 and 3). In accord with A57G-induced increase in the Ca2* sensitivity of
force [8], delayed Ca?* transients were observed in Tg-A57G mice (Fig. 4), suggesting
diastolic dysfunction in HCM-A57G model. MPI and GLS indices and increased fibrosis,
quantified by the amount of HOP/mg of LV and IVS samples (Fig. 6), supported
decompensated function in Tg-A57G mice and no abnormalities in function for Tg-A43
hearts. While LV fibrosis is an important feature of HCM [43-45], it is not present in
physiologic cardiac hypertrophy [46], consistent with our findings. It is worth mentioning
that the findings of the current report are in agreement with our previous work showing that
passive tension/stiffness is only increased in Tg-A57G, indicating that fibrosis and resting
stiffness contribute to the pathological HCM remodeling [8].

Conclusions

We have proposed a regulatory mechanism for the development of different forms of
hypertrophy phenotypes in mice expressing mutations in cardiac myosin essential light
chain. Cardiac myosin ELC is a sarcomeric protein that contains a unique N terminus (N-
ELC) capable of regulating cardiac contractility and the proportion of myosin heads that are
available for the interaction with actin. The A57G HCM-causing mutation is positioned in
the vicinity of N-ELC and is shown to promote the shift from the SRX to DRX state that
mechanistically underlies the clinical phenotype of hypercontractility associated with HCM.
The N-ELC truncation in Tg-A43 mice leads to physiologic-like hypertrophy by promoting
the SRX-sequestered state of cardiac myosin. Importantly, deletion of N-ELC counteracts
the A57G-mediated hypercontractile cross-bridge behavior. Our data suggest that cardiac N-
ELC may work as a molecular linker and/or energetic switch of the actin-myaosin
interaction, and as such could be targeted therapeutically to modify the proportion of myosin
heads readily available for the interaction with actin, power stroke execution, and force
production in cardiac muscle. To date, this is the first study showing that alterations of the
SRX state in ELC mouse models of different cardiac remodeling may result in pathological
or physiologic-like cardiac hypertrophy in mice.
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Materials and methods

Transgenic mice

All animal procedures and experiments were performed in accordance with the ‘Guide for
the Care and Use of Laboratory Animals’ (NIH Publication 85-23, revised 2011). All the
protocols were approved by the Institutional Animal Care and Use Committee at the
University of Miami Miller School of Medicine, which has an Animal Welfare Assurance on
file with the Office of Laboratory Animal Welfare (OLAW), NIH. The assurance number is
#A-3224-01, approved through November 30, 2019. We are registered with USDA APHIS,
registration # 58-R-007, approved through December 3, 2020. We have full accreditation
with the Association for Assessment and Accreditation of Laboratory Animal Care
(AAALAC International), site 001069, latest effective date, November 8, 2016. Mice were
euthanized through CO» inhalation followed by cervical dislocation. IACUC protocol # is
18-110-LF.

The generation of Tg mice, expressing human ventricular ELC-WT or human ELC mutants,
used in this study was previously described in Kazmierczak et al. [5] for Tg-A43 and Tg-
WT-ELC mice, and in Muthu et a/. [8] for Tg-A57G. Tg-A57G lines: L1 and L5 expressing
80% and 74% of A57G mutant, respectively, and Tg-A43 L8 and L9 expressing 34-39% and
35-40% of A43-ELC were used in this study. Tg-WT L1 and L4 expressing 76% and 71%
of WT-ELC, respectively, were used as controls. The percentage of protein expression
indicates the amount of replacement of the endogenous mouse ventricular ELC by the
human ventricular WT or mutants. All experiments were performed on 8- to 11-month-old
male (M) and female (F) mice.

Preparation of skinned papillary muscle (PM) fibers

The mouse LV PM were isolated from the hearts of F and M mice from all groups, dissected
into small bundles, and chemically skinned for 24 h at 4 °C. The skinning solution contained
50% glycerol and 50% pCa 8 solution [1078 m (Ca?*), 1 mm free (Mg?*), total MgPr
(propionate) =3.88 mm, 7 mm EGTA, 2.5 mm (Mg-ATP27), 20 mm MOPS pH 7.0, 15 mm
creatine phosphate, 15 U-mL™1 of phosphocreatine kinase, ionic strength = 150 mm
(adjusted with KPr), and 1% Triton X-100] [24,28]. Muscles were then transferred to the
fresh solution without Triton X-100 and stored at =20 °C until used (5-10 days).

For muscle mechanics experiments, small muscle strips composed of approximately four to
six single muscle fibers were isolated from a batch of glycerinated PM bundles and attached
to the force transducer of the Guth Muscle Research System (Heidelberg, Germany). Then,
the fibers were placed in a 1-mL cuvette and skinned in 1% Triton X-100 (in pCa 8 buffer)
for 30 min, washed three times for 5 min in pCa 8 buffer, and tested for steady-state force
development in pCa 4 solution [composition is the same as pCa 8 buffer except the (Ca2*) =
1074 m]. After the initial steady-state force determined in pCa 4 (in kN-m~2), muscle strips
were relaxed in pCa 8 and exposed to solutions of increasing CaZ* concentrations to
establish the force-pCa dependence and myofilament Ca2* sensitivity (pCasg) [6,7]. Muscle
strips that passed the quality control of reaching reproducible values of maximal force and
pCasp Were used to perform the SRX experiments.
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ATP chase experiments

To measure the super-relaxed state of myosin in skinned PM fibers from all groups of mice,
we used fluorescent mantATP, an analogue of ATP that binds strongly to myosin and shows
~ 2.5-fold increase in fluorescence emission compared to its dissociated form when
exchanged for dark ATP [12]. The mantATP/ATP chase experiments were performed using
lonOptix Calcium and Contractility Recording System as described in detail in Yadav et al.
[24]. PM fibers of about 100 um in diameter were dissected from glycerinated PM bundles,
rinsed in pCa 8 solution followed by several washes with rigor buffer containing 120 mm
KPr, 5 mm MgPr, 2.5 mm K;HPOy, 2.5 mm KH,POy,, and 50 mm 3-(7-morpholino)
propanesulfonic acid, pH 6.8, and fresh 2 mm DTT. Subsequently, the fibers were attached to
a glass slide and covered with a coverslip to form a flow chamber for nucleotide exchange.
The experiment was initiated with fibers’ incubation with 250 uM mantATP (in rigor buffer)
until maximum fluorescence was monitored. Then, mantATP was chased with 4 mm
unlabeled ATP (in rigor buffer) that resulted in fluorescence decay as hydrolyzed mantATP
was exchanged for dark ATP. The sarcomere length of fibers varied from 1.9 to 2.2 ym and
was found to cause no changes in fluorescence decay curves [24]. Fluorescence intensity as
a function of time was fit to a two-exponential decay function using a nonlinear least-
squares algorithm in grapHPAD PRISM Version 7 (GraphPad Software, San Diego, CA,
USA). P1 and P2 depict the fractions of fluorescence amplitude, characterized by the fast T1
and slow T2 fluorescence lifetimes, and indicate the proportion of myosin heads in the DRX
and SRX states, respectively. 1/T1 and 1/T2 represent the rates of ATP turnover per myosin
head in the DRX and SRX states.

Actin-activated myosin ATPase activity assays

For myosin ATPase experiments, myosin was purified from left and right ventricles of
mouse hearts and actin was extracted from rabbit skeletal acetone powder and purified as
described previously [5,24]. Briefly, 0.6 pM myosin was complexed with increasing actin
concentrations (0-15 uM) in the reaction solution containing 25 mm imidazole pH 7.0, 4 mwm
MgCl,, 1 mm EGTA, and 1 mm DTT (final KCI salt concentration was 40 mm). The reaction
was initiated with the addition of 2.5 mm ATP, allowed to proceed for 7 min at 22 °C, and
terminated by addition of 4% ice-cold trichloroacetic acid. Precipitated proteins were
cleared by centrifugation, and the inorganic phosphate was determined according to the
Fiske and Subbarrow method. The Vi and K, values were established using the
Michaelis—Menten equation as described previously [5].

Intact papillary muscles studies

Intact PM fiber studies were performed according to protocols described in detail in [26].
Briefly, after euthanasia, the hearts of mice were excised, rinsed in Krebs-Ringer solution
containing 30 mm 2,3-butanedione monoxime (BDM). Then, the PM were carefully
dissected from the LV in preoxygenated (95% 0,-5% CO,) BDM-Krebs—Ringer solution

consisting of (in mm): Na* 152, K* 3.6, CI~ 135, HCO3 25, Mg2* 0.6, H,PO*~ 1.3,
Soﬁ ~ 0.6, Ca2* 2.5, and glucose 5.6. Subsequently, PM were incubated in BDM-Krebs—

Ringer buffer containing 50 um Fura-2 AM (Life Technologies Corporation, Eugene, OR,
USA), dissolved in DMSO and 0.1% pluronic acid at room temperature for 1.5 h in dark,
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followed by 3 washes in BDM-Krebs—Ringer solution to remove excess Fura-2 AM [26].
Physiologic cross-sectional area (in mm?2), used for normalizing peak force, was calculated
as muscle mass (mg) divided by the product of muscle density (~ 1.05 mg-mm~3) and
muscle fiber length (~ 0.5 mm—optimal muscle length). The final contractile force data
were presented as force/area in mN-mm™2. An inverted fluorescence microscope equipped
with a calcium photometry objective and MyoCam-S™ digital variable field rate CCD video
system was used to detect and record [Ca?*] transients of fibers loaded with Fura-2 AM.
Fura-2 AM fluorescence was collected by a CCD camera from 340 and 380 nm channels,
followed by background subtraction. Up to 1000 length recordings per second were
collected, and the data points were averaged from ~ 20 force and [Ca2*] transient peaks. The
data were analyzed using the jonwizarD Software [26].

Echocardiography

We monitored cardiac function and morphology of Tg-A57G, and Tg-A43 versus Tg-WT
hearts using a vevo 2100 and yeyo 1.7.1 software (Visual Sonics Inc.) image system as
described previously [26,47]. Heart images were recorded from mice under isoflurane
inhalation anesthesia (1-2%) with monitored heart rates (HR) (>400 beats per min) and
body temperature (37 + 1 °C). M-mode and B-mode images were saved for analysis of
cardiac morphology and function. The following parameters were determined: LV end-
diastolic and end-systolic dimensions, LV posterior and anterior wall thickness, EF, and FS.
End-diastolic and end-systolic endocardial volumes were calculated from the bidimensional
long-axis parasternal views [26,47].

Speckle tracking-based echocardiographic (STE) strain analysis

As recently described [28], high-resolution long-axis B-mode images were used to perform
STE analyses using the vevo sTraIN software (vevo Las 2.1.0). Changes in length (in the
radial axis from the center of the ventricular cavity outward and in the longitudinal axis from
the apex to the base of the heart) relative to initial length (final length/initial length) and
strain rate, describing the rate of change of deformation over time, were measured and
analyzed. Global LV longitudinal and radial strain and strain rates were evaluated in both
epicardial and endocardial regions. In addition, B-mode images were recorded, with vector
diagrams depicting magnitude and direction of endocardial deformation [28]. The LV global
longitudinal strain (GLS) assessments, depicting the maximal shortening of myocardial
longitudinal length during systole, were compared to those in diastole and the resting
myocardial length. A greater degree of deformation or increased strain/sarcomere shortening
was expressed as a numerically lower (more negative) GLS value [28].

Pulse-wave (PW) and Tissue Doppler Imaging (TDI)

A Vevo-2100 imaging system, equipped with MS 400 transducer, was used to assess the LV
diastolic function of mice that was analyzed using the values derived from the mitral inflow
velocity curves obtained by pulse-wave Doppler method, as described previously [26,28].
Doppler indexes included the ratio of peak velocity of early to late diastolic filling of mitral
inflow (E/A), isovolumetric contraction time (IVCT), isovolumetric relaxation time (IVRT),
and ejection time (ET). Myocardial performance index (MPI) was calculated using the
following equation [28]:
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IVCT + IVRT

LV MPI = BT

Tissue Doppler imaging was used for visualization of tissue movement in which the negative
waves represent the early diastolic mitral annulus velocity or e’.

Assessment of fibrosis by hydroxyproline (HOP) assay

Fibrosis and collagen content was assessed in the hearts of 8- to 11-month-old M and F Tg-
A57G, Tg-A43, and Tg-WT using HOP assay, as described previously [26,47]. Briefly, 15—
20 mg of flash-frozen tissue from LV and IVS of mice hearts were first boiled in 200 uL of 6
m HCl at 110 °C overnight, and then, 5 pL aliquots of hydrolyzed tissue were added to 80 pL
of 100 % isopropanol and allowed to react with 40 pL of 7% chloramine-T solution mixed at
a 1 : 4 ratio with acetate citrate buffer [0.695 m sodium acetate, 0.174 wm citric acid, 0.435 m
NaOH, and 38.5% (vol/vol) isopropanol] for 5 min at room temperature [26]. 0.5 mL of
Ehrlich reagent was then added to the mixture at a 3 : 13 ratio with isopropanol and
incubated at 55 °C for 30 min. The mixture was subsequently placed on ice for 5 min and
centrifuged at 5000 g for 1 min at 4 °C. 200 pL aliquots were then placed in a 96-well plate,
and the absorbance was measured at 558 nm. The total amount of HOP was calculated using
the standard curve of trans-4-hydroxy-L-proline (0-500 um). Assay was performed in
triplicate on n=10-14 heart samples from eight to ten Tg-A57G, Tg-A43, and Tg-WT mice.

Statistical analysis

Unless otherwise stated, all values are shown as means + SD (standard deviation).
Statistically significant differences between multiple groups were assessed using one-way
ANOVA and Tukey’s multiple comparison test using grapHPAD PRISM SOftware version 7.0
for Windows. Significance was defined as £< 0.05.
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Abbreviations

A wave mitral valve inflow (late)

B-mode brightness mode (ultrasound)

DRX disordered relaxed state

E mitral valve inflow (early)

e’ early diastolic mitral annulus velocity
ELC essential light chain

GLS global longitudinal strain
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Fig. 1.

Si%gle nucleotide turnover studies. Fluorescence decay curves of mantATP release in
skinned papillary muscle (PM) fibers from: (A) Tg-WT (blue trace), n= 17 fibers, isolated
from 5 female (F) and 3 male (M) mice; (B) Tg-A57G (green trace), n= 13 fibers (3F and
3M); and (C) Tg-A43 (red trace), n= 13 fibers (4F and 5M). PM were first incubated in 250
um mantATP and subsequently chased with a solution containing 4 mm ATP. Decay traces
were fitted to a double-exponential equation, yielding the fraction of myosin heads in DRX
(P1) and SRX (P2) states, and respective lifetimes of fast (T1) and slow (T2) phases.
Simulated single-exponential decays for DRX and SRX are depicted with dashed curves.
(D) Overlapped fluorescence decay traces for Tg-WT, Tg-A57G, and Tg-A43 PM fibers.
Inset depicts fluorescence decay traces collected from 0 to 400 s. (E) Proportion of myosin
heads (in %) in DRX and SRX states for each group of mice. Open symbols depict PM
fibers from F, while closed symbols depict PM fibers from M mice. Note that the % DRX is
increased in Tg-A57G and decreased in Tg-A43. This is coupled to a decrease in % SRX in
Tg-A57G and increase in Tg-A43. Data are mean T SD, in which 7 represents the number of
fibers and *P < 0.05 depicts significance between Tg-WT and Tg-A57G/Tg-A43 and #P <
0.05 between Tg-A57G and Tg-A43, one-way ANOVA with Tukey’s multiple comparison
test.
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Fig. 2.

Actin-activated ATPase activity assays performed on myosin purified from left and right
ventricles of Tg-A57G and Tg-A43 compared with Tg-WT mice (A), yielding Viax (B) and
K (C), derived from the Michaelis—Menten equation. Four to five hearts from mice of each
group of both sexes were used to generate one batch of myosin, and the assays (performed in
triplicate) were repeated on two to four different batches of myosin. Data are mean + SEM
(A) or T SD (B; C) for n=12 experiments (Tg-A57G), n= 6 experiments (Tg-A43), and n=
12 experiments (Tg-WT). *£< 0.05 depicting significance between Tg-WT and Tg-
A57G/Tg-A43, and #P < 0.05 between Tg-A57G and Tg-A43, one-way ANOVA with
Tukey’s multiple comparison test.
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(A) Force transients in intact PM fibers from Tg-A57G and Tg-A43 compared with Tg-WT
mice. Open symbols depict female (F), while closed symbols depict male (M) mice. (B) Tos
relax, Tsg relax, and Ts relax depict the time (in ms) from peak force to 25%, 50%, and
75% toward baseline. (C) Force (in mN-mm~2) was calculated as a ratio of peak force/
physiologic cross-sectional area (see Materials and methods). Note faster relaxation times
for Tg-A57G compared to Tg-A43 mice. Values are mean of n= 8 (3F and 5M) Tg-A57G, n
=6 (3F and 3M) Tg-A43, and /7= 10 (3F and 7M) Tg-WT animals = SD with #~< 0.05
depicting significance between Tg-A57G and Tg-A43, calculated by one-way ANOVA with

Tukey’s multiple comparison test.
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Fig. 4.

(A?) Calcium transients in intact PM fibers from Tg-A57G and Tg-A43 compared with Tg-
WT (3F and 7M) mice. Open symbols depict F, while closed symbols depict M mice. (B)
Tos relax, Tsq relax, and Ts relax depict the time (in ms) from peak [Ca2*] to 25%, 50%,
and 75% toward baseline. Note delayed relaxation times for Tg-A57G compared to Tg-WT
and Tg-A43 mice. Values are mean of 7= 8 (3F and 5M) Tg-A57G, n=6 (3F and 3M) Tg-
A43, and n=10 (3F and 7M) Tg-WT animals T SD with *~ < 0.05 calculated by one-way
ANOVA with Tukey’s multiple comparison test.

FEBS J. Author manuscript; available in PMC 2021 February 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Sitbon et al.

Page 22

A M-Mode Echocardiography

LVAW;d LVAW;s LVPW;d LVtW;s LV mass

*

A 3 200
| :. E "% ) : E .’%H%‘
5 s
A &S

A 2

5, i 25
- # 2.0 A o 2.0
e {, ¢l cii

E |- £ T €
ol 2|2 10 10
(iw s 0s 0s

S & P

e J;« « o

»
&

<

&
S

d <& 48

B Pulse-wave doppler mode

. A

% 500 mm/s

A
AET
>

“—b'
IVCT IVRT
LV MPI _IVCT +IVRT

T aET

Global longitudinal strain

Fig. 5.

E(?hocardiography measurements in Tg-WT, Tg-A57G, and Tg-A43 mice. (A) Upper panel:
Representative echocardiographic images of mouse hearts in M-mode. Lower panel: The
assessment of heart morphology and function in Tg-A57G (n=9 mice) and Tg-A43 (n=9
mice) compared to Tg-WT (7= 9 mice). Open symbols depict F, while closed symbols
depict M mice. Note increased wall thickness in Tg-A57G and Tg-A43 compared to Tg-WT.
LVAW;d/s, left ventricular anterior wall thickness in diastole/systole; L\VPW, LV posterior
wall thickness. (B) Upper panel: Representative pulse-wave and tissue Doppler images of
transgenic hearts. Lower panel: Assessment of IVRT (isovolumetric relaxation time) and
MPI (myocardial performance index) in mice. Note increased IVRT and MPI in Tg-A57G
compared to Tg-WT and Tg-A43. (C) Upper panel: Representative three-dimensional
longitudinal strain deformation images for Tg-WT, Tg-A57G, and Tg-A43 hearts showing
contraction (red, positive) and relaxation (blue, negative) over six LV segments during four
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consecutive cardiac cycles. The orange line has been added to aid comparison of the images’
scale. Lower panel: Speckle tracking-based strain analysis (Global longitudinal strain) on
Tg-WT, Tg-A57G, and Tg-A43. Lower (less negative values) in Tg-A57G versus Tg-WT,
indicative of poorer global cardiac function in HCM Tg-A57G mouse model. Data are mean
of n=9 animals/per group T SD with *P < 0.05 depicting significance between Tg-WT and
Tg-A57G and #P < 0.05 between Tg-A57G and Tg-A43, one-way ANOVA with Tukey’s
multiple comparison test.
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Fig. 6.

Hydroxyproline (HOP) content in the hearts of Tg-WT, Tg-A57G, and Tg-A43 mice. Ten to
fourteen samples from the hearts of eight to ten mice were used: 10 hearts for Tg-WT (7=
14 samples) and eight hearts for Tg-A57G (n7= 10 samples) and Tg-A43 (n7= 10 samples).
Open symbols depict preparations from F, while closed symbols depict preparations from M
mice. Note increased HOP only in the hearts of Tg-A57G mice. Data are mean of 7samples
+ SD with *P < 0.05 depicting significance between Tg-WT and Tg-A57G and #P< 0.05
between Tg-A57G and Tg-A43, one-way ANOVA with Tukey’s multiple comparison test.
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Table 1.

The super-relaxed (SRX) state of myosin measured by mantATP/ATP chase assays in skinned papillary
muscles from Tg-WT, Tg-A57G, and Tg-A43 mice. P1 and P2 represent fractions (in %) of myosin cross-
bridges in the disordered relaxed (DRX) and SRX states, respectively, with fast T1 and slow T2 lifetimes. 1/T1
and 1/T2 represent the rates of ATP turnover in DRX and SRX states, respectively. Values are means T SD for
n=# fibers.

Parameter Tg-WT Tg-A57G Tg-A43

P1 (%) 59.33 + 8.66 69.61+851%# 50.13+10.25
P2 (%) 37.60 + 8.34 2752+867# 4845+921%
T1(s) 6.25+2.97 5.92+3.94 4.23+2.00

T2 (s) 117.70+68.22  116.00+80.89  193.40 + 143.70

n=# fibers (#F and #M mice) 17 (5Fand 3M) 13 (3F and 3M) 13 (4F and 5M)

*
P<0.05 Tg-A57G/Tg-A43 versus Tg-WT.;

#P< 0.05 Tg-A57G versus Tg-A43, one-way ANOVA with Tukey’s multiple comparison test.
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