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Abstract: This study focuses on mimicking constitutive phosphorylation in the N-terminus of the
myosin regulatory light chain (S15D-RLC) as a rescue strategy for the mutation-induced cardiac
dysfunction in transgenic (Tg) models of restrictive (RCM) and dilated (DCM) cardiomyopathy
caused by mutations in myosin essential (ELC) or regulatory (RLC) light chains. S15D-RLC phos-
phomimetic was reconstituted in left ventricular papillary muscle (LVPM) fibers from two mouse
models of cardiomyopathy, RCM-E143K ELC and DCM-D94A RLC, along with their corresponding
Tg-ELC and Tg-RLC wild type (WT) mice. The beneficial effects of SI5D-RLC in rescuing cardiac
function were manifested by S15D-RLC-induced destabilization of the super-relaxed (SRX) state
that was observed in both models of cardiomyopathy. SI5D-RLC promoted a shift from the SRX
state to the disordered relaxed (DRX) state, increasing the number of heads readily available to in-
teract with actin and produce force. Additionally, SISD-RLC reconstituted fibers demonstrated sig-
nificantly higher maximal isometric force per cross-section of muscle compared with reconstitution
with WT-RLC protein. The effects of the phosphomimetic S15D-RLC were compared to those ob-
served for Omecamtiv Mecarbil (OM), a myosin activator shown to bind to the catalytic site of car-
diac myosin and increase myocardial contractility. A similar SRX<->DRX equilibrium shift was ob-
served in OM=treated fibers as in S15D-RLC-reconstituted preparations. Additionally, treatment
with OM resulted in significantly higher maximal pCa 4 force per cross-section of muscle fibers in
both cardiomyopathy models. Our results suggest that both treatments with S15D-RLC and OM
may improve the function of myosin motors and cardiac muscle contraction in RCM-ELC and DCM-
RLC mice.

Keywords: Cardiomyopathy; myosin RLC; myosin ELC; N-terminal protein modification, S15D-
RLC phosphomimetic, super-relaxed state (SRX); Tg mice

1. Introduction

Cardiac myosin powers heart contraction through the ATP-dependent cyclic interac-
tions between myosin cross-bridges and actin-tropomyosin (Tm)-troponin (Tn) thin fila-
ments [1]. In addition to the known Ca?-Tm-Tn regulatory system [2], myosin together
with the regulatory (RLC) and essential (ELC) light chains play important roles in the
regulation of muscle contractility and heart performance [3, 4]. Many genetic mutations
in cardiac sarcomeric proteins, including myosin RLC and ELC, were found responsible
for the modulation of myosin motor function and affecting heart performance [5-9]. As
myosin light chains are important regulators of the actin-myosin interaction, they consti-
tute a potential drug target for rescue strategies to ameliorate or reverse myosin motor
dysfunction and abnormal disease phenotypes [10-13].

One such strategy is associated with myosin light chain kinase (MLCK)-dependent
phosphorylation of cardiac RLC that has been shown in many studies to be critical for
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normal heart function [14-16]. Myosin regulatory light chain phosphorylation is a critical
determinant of myosin motor function and heart performance in healthy and cardiomyo-
pathic hearts; still, little is known about the underlying mechanisms. Cardiac MLCK, the
enzyme that phosphorylates RLC, was shown to play a role in cardiogenesis [17] and my-
ofibrillogenesis [18]. Upregulation of MLCK is considered a mechanism to promote sar-
comere reassembly and enhanced contractility of the failing heart [17]. Constitutive RLC
phosphorylation at ~40% was shown to stabilize myosin motor function in continuously
beating hearts [19]. In the human heart, myosin RLC phosphorylation occurs at serine 15
(Ser-15) and this site was recently shown to be superior to other potential phosphorylation
sites of RLC [20]. We also showed that phosphomimetic RLC variant, in which Ser-15 was
replaced by aspartic acid (S15D) mitigated detrimental hypertrophic cardiomyopathy
(HCM) phenotypes in vivo [21] and in vitro [20] when placed in the background of HCM-
associated RLC mutations.

In the current study, we aimed to test whether the adverse effects of restrictive car-
diomyopathy (RCM)-E143K ELC and dilated cardiomyopathy (DCM)-D94A RLC muta-
tions that exert severe myofilament impairments could be rescued by phosphomimetic
S15D-RLC reconstituted in Tg-E143K versus Tg-WT ELC fibers and in Tg-D94A versus
Tg-WT RLC preparations. Left ventricular papillary muscle (LVPM) fibers from Tg mice
were depleted of endogenous RLC and subsequently reconstituted with recombinant hu-
man cardiac S15D-RLC protein. The data showed beneficial effects of the phosphomimetic
RLC on myosin contractile and energetic states in RCM and DCM myocardium that were
comparable to the effects achieved with Omecamtiv Mecarbil (OM), an agent used to treat
heart failure and systolic dysfunction [22, 23].

2. Materials and Methods

2.1. Transgenic mice

All transgenic (Tg) mouse models used in the current study have been characterized
in previous papers and used widely in our laboratory [24-26]. The following mice were
used: Tg-WT RLC (L2, expressing 100% of human ventricular RLC, Swiss-Prot: P10916),
Tg-D94A RLC (L1 and L2 expressing 53% and 50% human ventricular mutant D94A RLC),
and Tg-WT ELC (L1 and L4, expressing 76% and 71% of human ventricular ELC, Swiss-
Prot: P08590) and one Tg-E143K ELC (L2 expressing 55% human ventricular mutant
E143K ELC). Male (M) and female (F) mice were used in experiments.

2.2. Recombinant RLC proteins — cloning, expression and purification

To generate recombinant RLC proteins for reconstitution in cardiac muscle fibers, the
cDNAs of human cardiac WT-RLC, phosphomimetic RLC variant (S15D-RLC) and DCM-
D94A RLC mutant were cloned by reverse transcription-polymerase chain reaction using
primers based on the published cDNA RLC sequences (WT RLC - GenBank Accession No.
AF020768, S15D RLC - GenBank accession number ON950401), using standard methods
as described previously [8, 27, 28]. Obtained cDNAs were used for transformation into
BL21 expression host cells to express proteins in 16 L cultures that were subsequently pu-
rified by ion-exchange chromatography using an S-Sepharose column (equilibrated with
2 M urea, 20 mM sodium citrate, 0.1 mM PMSEF, 1 mM DTT, 0.02% NaNs, pH 6.0) followed
by a Q-Sepharose column (equilibrated with 2 M urea, 25 mM Tris-HC], 0.1 mM PMSF, 1
mM DTT, 0.02% NaNs, pH 7.5). The RLC proteins were eluted with a salt gradient of 0—
450 mM NaCl, and their final purity was evaluated using 15% SDS-PAGE [8, 27, 28].

2.3. Mechanical and ATP turnover measurements in skinned left ventricular papil-
lary muscle (LVPM) fibers from transgenic Tg-RLC and Tg-ELC mice

2.3.1. Preparation of skinned LVPM fibers
LVPM fibers were isolated from the hearts of 3 to 11 mo-old Tg mice (Tg-WT RLC,
Tg-D94A RLC, Tg-WT ELC, and Tg-E143K ELC). Muscle bundles were separated and
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dissected into small muscle strips (2-3 mm in length and 0.5-1 mm in diameter) in ice-cold
pCa 8 solution {10 M [Ca?], 1 mM free [Mg?] [total MgPr (propionate) =3.88 mM], 7 mM
EGTA, 2.5 mM [Mg-ATP?*], 20 mM MOPS pH 7.0, 15 mM creatine phosphate, and 15 U/ml
of phosphocreatine kinase, ionic strength = 150 mM adjusted with KPr} that contained 30
mM BDM and 15% glycerol. After dissection, the bundles were transferred to pCa 8 solu-
tion mixed with 50% glycerol (storage solution) and incubated for 1 h on ice. Then the
strips were chemically skinned with 1% Triton X-100 and 50/50 (%) pCa 8 and glycerol
overnight at 4°C. The fibers were transferred to a fresh storage solution and kept at -20°C
for 5-10 days [24].

2.3.2. Depletion of endogenous RLC from LVPM and reconstitution with recombi-
nant RLC proteins

Tg mouse LVPM preparations underwent extraction of endogenous RLC and recon-
stitution with recombinant RLC proteins as described previously [20]. Briefly, depletion
of endogenous RLC was achieved by treating small muscle strips ~ 100 pm wide and ~ 1.5
mm long (isolated from glycerinated papillary muscle bundles) with the following buffer:
5 mM CDTA, 1% Triton X-100, 50 mM KCl, 40 mM Tris, 0.6 mM NaNs, 0.2 mM PMSF at
pH 8.4, supplemented with protease inhibitor cocktail for 40 min at room temperature.
Since depletion of the endogenous RLC may result in partial extraction of the endogenous
TnC, cardiac TnC (15 uM) was added to the CDTA-treated strips and incubated in pCa 8
solution for 15 minutes. This reaction was followed by reconstitution of the RLC-depleted
muscle strips with the following recombinant proteins: WT-RLC or S15D-RLC for Tg-WT
ELC and Tg-E143K ELC, and WT-RLC, 515D-RLC or D94A-RLC for Tg-D94A RLC muscle
strips in a pCa 8 solution containing 40 uM RLC of interest for 45 minutes at room tem-
perature. Extraction and reconstitution reactions were carried out with the muscle strips
either attached to the arms of a force transducer or free-floating in a 96-well plate. RLC
and TnC reconstituted LVPM fibers were then washed in pCa 8 buffer and subjected to
force-pCa and super-relaxed (SRX) state measurements or transferred to fresh storage so-
lution and kept at -20°C for 1 — 5 days until used for SRX experiments. The extent of RLC
extraction and reconstitution was determined by running experimental LVPM fibers on
15% SDS-PAGE. After staining protein bands with Coomassie Brilliant Blue, the gels were
imaged using the Odyssey infrared imaging system (LICOR Biosciences, Lincoln, NE,
USA). Determination of the level of RLC depletion and reconstitution was achieved by
densitometry analysis (Image] software; https://imagej.nih.gov/ij/). The RLC/ELC band
intensities were measured in Tg native, RLC-depleted, and RLC-reconstituted LVPM
preparations. The myosin ELC was used as a loading control as it is not affected during
the RLC-depletion/reconstitution procedures [29].

2.3.3. Steady-state force measurements and Ca?* dependence of force development in
Tg skinned muscle strips

All mechanical experiments were performed on skinned LVPM fibers of approxi-
mately ~1.5 mm in length and ~100 pm in diameter. The small muscle strips were attached
by tweezer clips to the force transducer of the Guth Muscle Research System (Heidelberg,
Germany) and then skinned in 1% Triton X-100 dissolved in pCa 8 buffer for 30 min (in a
1 ml cuvette). Next, muscle fibers were washed in pCa 8 buffer (3 times x 5 min), and their
sarcomere length was adjusted to 2.1-2.2 um. LVPM fibers were then placed in pCa 4 so-
lution (composition is the same as pCa 8 buffer except for the [Ca?] = 10+ M) to test max-
imal steady-state force development and then relaxed in pCa 8 solution. To determine the
force—pCa dependence, the muscle strips were exposed to solutions of increasing Ca? con-
centration from pCa 8 to pCa 4, and the level of force was measured in each “pCa” solu-
tion. Maximal tension readings (in pCa 4) were taken before and after the force-pCa curve,
averaged, then divided by the cross-sectional area of fibers and expressed in kN/m?2. The
diameter of fibers was estimated using an SZ6045 Olympus microscope, with the meas-
urement taken at 3 points along the fiber length and averaged. Force-pCa data were ana-
lyzed using the Hill equation yielding the pCaso (free Ca? concentration which produces
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50% of the maximal force; represents the measure of Ca?* sensitivity of force) and nu (Hill
coefficient; the measure of myofilament cooperativity) for LVPM from Tg-WT ELC, Tg-
E143K ELC, Tg-WT RLC and Tg-D94A RLC mice, as described previously [11, 20, 24].

2.3.4. Mant-ATP chase experiments

LVPM fibers from Tg-WT ELC, Tg-E143K ELC, Tg-WT RLC and Tg-D94A RLC mice
reconstituted with recombinant RLC proteins were subjected to measurements of the SRX
state of myosin using ATP turnover measurements, as previously described [12, 30]. The
fluorescent N-methylanthraniloyl (mant)-ATP was exchanged for nonfluorescent (dark)
ATP in skinned LVPM fibers from all groups of mice using the IonOptix instrumentation.
The experiment was initiated with the incubation of fibers with 250 uM mant-ATP
(Thermo Fisher Scientific, Waltham, MA, USA) in a rigor solution [120 mM KPr, 5 mM
MgPr, 2.5 mM KoHPOs, 2.5 mM KH2POs, 50 mM 3-(n-morpholino) propanesulfonic acid
(MOPS), pH 6.8, and fresh 2 mM DTT] until maximum fluorescence reached a plateau.
Then, mant-ATP was chased with 4 mM unlabeled ATP (in rigor buffer), resulting in flu-
orescence decay as hydrolyzed mant-ATP was exchanged for dark ATP. Fluorescence in-
tensity isotherms were collected over time and were subsequently fitted to a two-expo-
nential decay equation:

Y=1-P1[1-exp(-t/T1)]-P2[1-exp(-t/T2)] )

Using a nonlinear least-squares algorithm in GraphPad PRISM version 7 (GraphPad
Software, San Diego, CA, USA), we derived the amplitudes of the fast (P1) and slow (P2)
phases of fluorescence decay and their respective T1 and T2 lifetimes (in seconds) [11, 12,
20, 24]. P1 and T1 represent the initial fast decay in fluorescence intensity and describe the
myosin in the DRX state and the release of nonspecifically bound mant-ATP, which is
presumably also fast, while P2 and T2 are associated with the slow decrease in fluores-
cence intensity due to myosin in the SRX state [31]. The P1 phase of the fluorescence decay
was corrected for the fast release of nonspecifically bound mant-ATP in the sample and
was derived experimentally using a competition assay, as described in [30]. The fraction
of nonspecifically bound mant-ATP was established as 0.44+0.02, and the amount of my-
osin heads directly occupying the SRX state was calculated as P2/(1-0.44) [30].

2.4. Treatment of skinned muscle strips with Omecamtiv Mecarbil (OM)

In separate sets of experiments, native LVPM fibers from Tg mice were subjected to
treatment with a myosin activator, Omecamtiv Mecarbil (OM) (APExBIO Technology
LLC, Houston, TX, USA) versus placebo. All steps/reactions were carried out with the
muscle strips either attached to the arms of a force transducer or freely floating in a 96-
well plate. Glycerinated LVPM strips were rinsed several times in the pCa 8 solution and
then skinned with 1% Triton X-100 dissolved in pCa 8 solution for 30 min, followed by
washing in pCa 8 buffer. For fibers undergoing force-pCa measurements, the maximal
force (pCa4) was determined first. Then fibers were subjected to treatment with 3 uM OM
in pCa 8 buffer or placebo (pCa 8) for 25 minutes at room temperature. Maximal tension
determination and the force-pCa dependence were done before and after OM treatment,
as described in section 2.3.3. For ATP turnover experiments, the fibers were incubated
with 250 pM mant-ATP in a rigor solution +3 uM OM for 25 min at room temperature.
The mant-ATP chase experiment was performed in the presence and absence of 3 uM OM
as described in section 2.3.4.

2.5. Statistical Analysis

All values are shown as means + standard deviation (SD). Statistical significance
(p<0.05) was determined using Student’s ¢-test or one-way ANOVA followed by Tukey’s
multiple comparison test (GraphPad PRISM software version 7.0 for Windows).
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3. Results

3.1. Effect of phosphomimetic S15D-RLC on force measurements in LVPM fibers
from Tg-ELC mouse model of RCM
Here, we aimed to investigate the effects of the phosphomimetic S15D-RLC variant on
cardiac muscle contraction when reconstituted in skinned LVPM strips from the Tg mouse
model of RCM. As we showed recently, the myocardium of Tg-E143K ELC mic was poorly
phosphorylated and this low level of RLC phosphorylation coincided with abnormal my-
ocardial function in this RCM model [4, 25]. LVPM fibers from Tg-E143K ELC mice, along
with Tg-WT ELC control, were depleted of endogenous RLC and reconstituted with re-
combinant S15D-RLC or WT-RLC proteins. The efficiency of depletion/reconstitution was
tested on SDS-PAGE (Fig. S1A), and the results are presented in Fig. S1B. As published
previously [8, 12, 20, 28, 29, 32-34], we could successfully remove endogenous cardiac RLC
from LVPM fibers and efficiently reconstitute them with the RLC mutant of choice (Fig.
S1).

Maximal isometric force per cross-section of muscle (in kN/m?) and pCaso measured
for LVPM from Tg-WT ELC mice reconstituted with recombinant S15D-RLC protein were
significantly higher compared with WT-RLC reconstituted (Fig. 1A, Table 1). This result
is consistent with a previously observed RLC phosphorylation-mediated increase in Ca?*
sensitivity of contraction [14, 35]. For LVPM fibers from Tg-E143K mice, Fmax and pCaso
were similar between S15D-RLC and WT-RLC reconstituted, but a significant difference
between WT and S15D mutant was observed for the Hill coefficient, nu (Fig. 1B, Table 1).
The lack of an increase in the calcium sensitivity of force for LVPM fibers from RCM-
E143K mutant reconstituted with S15D-RLC versus WT-RLC was most likely due to the
higher Ca?-sensitivity observed in LVPM from Tg-E143K (5.51+0.09) versus Tg-WT ELC
(5.32+0.1) reconstituted with WT-RLC and the addition of phosphomimetic S15D-RLC did
not further increase calcium sensitivity of force in the RCM mutant fibers (Table 1).
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Figure 1. Contractile function in skinned LVPM from Tg-WT ELC (A) and Tg-E143K ELC (B) mice reconstituted with recombinant
RLC proteins. Maximal force (top panels), Ca? sensitivity of force (middle panels) and force-pCa relationship (bottom panels) were
measured in LVPM from Tg-WT ELC and Tg-E143K preparations depleted of endogenous RLC and reconstituted with recombinant
WT-RLC (black filled points), SI5D-RLC (green filled points) proteins. Data are the average +SD of n =7-8 reconstituted LVPM fibers
from Tg-WT ELC (2 animals-1F, 1M) and n=9-10 reconstituted LVPM fibers from Tg-E143K ELC (3 animals-2F, 1M). Significance (p
values) was calculated by Student’s t-test.

Table 1. Maximal tension and force-pCa relationship in LVPM from Tg-WT ELC and Tg-E143K ELC mice.

Force parameter / LVPM from Tg-WT ELC mice LVPM from Tg-E143K mice
recombinant RLC-reconstituted LVPM WT S15D WT S15D
N fibers 8 7 9 10
Fmax (kN/m?) + SD 21.56+4.64 34.2549.66™* 23.56+4.42 28.58+1.95
pCaso + SD 5.32+0.1 5.41+0.06* 5.51+0.09 5.51+0.09
nu+ SD 2.03+0.74 1.87+0.41 2.2+0.61 1.73+0.24*

Values are means + SD for n = N° fibers. Significance was calculated by Student’s t-test with *p < 0.05, **p < 0.01
for S15D-RLC versus WT-RLC reconstituted LVPM fibers.
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3.2. Effect of phosphomimetic S15D-RLC on super-relaxed state in LVPM fibers from
Tg-ELC and Tg-RLC mouse modes of RCM and DCM.

Under resting muscle conditions, cardiac myosin can be characterized by two states,
a disordered relaxed state (DRX), and a super-relaxed state (SRX) [31]. In DRX, myosin
cross-bridges protrude into the interfilament space but are restricted from binding to thin
filaments and producing force. In SRX, they display an asymmetrical head arrangement
along the thick filament axis and a highly inhibited ATP turnover rate [36, 37]. The pres-
ence of the folded state of myosin, where the heads interact with each other and with the
52 part of myosin heavy chain (MHC) forming an interacting head motif (IHM), is thought
to structurally underlie the biochemical SRX state.

3.2.1. Transgenic ELC mice

To study the SRX state and SRX«<DRX equilibrium in reconstituted LVPM fibers
from Tg-E143K ELC versus Tg-WT ELC mice, fibers were incubated in a solution contain-
ing 250 pM mant-ATP until the fluorescence intensity stabilized [20, 30]. Then, upon ad-
dition of non-labeled ATP (4 mM), fluorescence decay curves versus time were collected
and fitted to a two-state exponential equation as described is section 2.3.4. No differences
were recorded on S15D-RLC versus WT-RLC in Tg-WT ELC animals (Fig. 2A, Table 2).
However, as expected, LVPM from Tg-E143K mice decreased % SRX heads upon recon-
stitution with the phosphomimetic S15D-RLC compared with WT-RLC reconstituted (Fig.
2B, Table 2). Therefore, the pseudo-phosphorylation of poorly phosphorylated RLCs in
Tg-E143K preparations promoted a shift in SRX¢>DRX equilibrium toward DRX, making

more heads available for muscle contraction compared with WT-RLC reconstituted.

Table 2. The SRX state of myosin assessed in LVPM from Tg-WT ELC and Tg-E143K mice
reconstituted with recombinant RLC proteins.

SRX parameter / recombi- LVPM from Tg-WT ELC mice LVPM from Tg-E143K mice
nant RL(E'\r/‘;f;InStltuted Native WT S15D Native WT 515D
N fibers 14 6 7 13 11 10
DRX (%) = SD 38.9+8.2 35.1£14.2 37.2+18.8 29.4+3.7# 32.3£11.9 44+12.8*
SRX (%) + SD 61.1+8.2 64.9+14.2 62.8+18.8 70.6+3.7% 67.8+11.9 56+12.8*
T1 (s) £ SD 44424 6.6+4.9 5.3£2.5 42425 4.843.6 7+5.2
T2 (s) + SD 129.8+67 125.3+81.3 173.4+167.7  126.5+81.2 92.2+64 136.4+116.5

Values are means + SD for n = N° fibers. Significance was calculated by one-way ANOVA with Tukey’s multiple
comparison test with *p <0.05 for LVPM fibers from Tg-E143K mice reconstituted with S15D-RLC versus WT-RLC.
#p <0.01 for native Tg-E143K ELC versus Tg-WT ELC mice.


https://doi.org/10.20944/preprints202306.0357.v1
https://doi.org/10.20944/preprints202306.0357.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 June 2023 d0i:10.20944/preprints202306.0357.v1

A Tg-WT ELC B Tg-E143K ELC
=0.0039
100 100 p=0.0283
80 R > 80 m .
S ﬁ—g—ﬁ % ‘.:_ln[* S }
> B m
ol 01 & B
20 20
0 0 T
P af PRe o Al PRY
/\q\‘g &\.\\,ev \‘\‘q’( R <& 3‘\ &\Qa\\\\\p Y
(\9\_«\ . \N-\\\\ ‘\6\'« . N
o’ 9&“0‘\6 o ?\600‘\5
NATIVE WT S15D NATIVE WT S15D
SRX SRX
DRX DRX DRX DRX DRX DRX
SRX*SD (%) 61.0%8.2 64.9%14.3 62.8+18.8 SRX*SD (%) 70.6%3.7 67.8%411.9 56.0£12.8
DRX#SD (%) 39.0#8.2 35.1%14.3 37.2%#18.8 DRX#SD (%) 29.4%#3.7 32.2%¥11.9 44.0%£12.8
n=N?° fibers 14 6 7 n=N?° fibers 13 11 10
=0.0039
80 80

p=0.0283

. e i ¥

(o2}

o
(=2}
o

DRX (%)
s
o
DRX (%)
N
o

N
o

0 T 0 T
c c c R c C
S M S % M S
e o @0’?‘ e o @0"1
EACARRC RN 0 19 e o
. W X W
o " oS \
o o o° o
« e « o

Figure 2. Summary of the SRX study for LVPM fibers from Tg-WT ELC (A) and Tg-E143K ELC (B)
reconstituted with WT-RLC versus phosphomimetic SI5D-RLC. The proportion of myosin heads in
SRX state (top panels) and DRX states (bottom panels) is shown for native (clear points), WT- (black
filled points), S15D- (green filled points) RLC reconstituted Tg fibers. Note that % SRX is increased
in native Tg-E143K fibers compared to Tg-WT ELC native controls (~71% versus ~61%). For Tg-
E143K fibers reconstituted with WT-RLC or S15D-RLC, the latter significantly decreased % of myo-
sin heads in SRX (~56%) compared with WT-RLC reconstituted (68%) or native Tg-E143K fibers
(71%). Data are expressed as mean + SD for n=14 Tg-WT ELC native fibers (4 animals-2F, 2M); n= 6-
7 (4 animals-2F, 2M) for Tg-WT ELC fibers reconstituted with WT-RLC or S15D-RLC. For Tg-E143K
set, n=13 fibers for native Tg-E143K (4 animals-2F, 2M); n=10-11 fibers for Tg-E143K (5 animals-3F,
2M) reconstituted with WT-RLC or S15D-RLC were used. The significance was calculated using
one-way ANOVA with Tukey’s multiple comparison test.

3.2.2. Transgenic RLC mice

We have recently shown the beneficial effect of the phosphomimetic S15D-RLC var-
iant when reconstituted in LVPM fibers preparations from HCM-RLC models of cardio-
myopathy [12, 20, 28]. Here, we aimed to test whether S15D-RLC may rescue some DCM-
related abnormalities when reconstituted in fibers from the DCM RLC model, Tg-D94A
mice. In particular, we investigated whether the abnormal SRX/DRX ratio found in this
Tg-D94A model previously [30] could return to normal when the endogenous RLC was
replaced by recombinant phosphomimetic SI5D-RLC protein. LVPM from Tg-D94A mice
were depleted of endogenous RLC and reconstituted with recombinant S15D-RLC, and
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the results were compared to native, WT, or D94A -RLC reconstituted fibers (Fig. 3, Table
3). As observed earlier [30], LVPM from native Tg-D94A RLC mice demonstrated ~73%
myosin heads in the SRX state (Fig. 3A), indicating that DCM heads favor the energy con-
serving SRX state. Tg-D94A LVPM fibers reconstituted with S15D-RLC protein showed a
significant decrease in % of SRX heads (53.3+13.2) compared with native (73.7+7.3) or
D94A (66.4+6.4) reconstituted fibers (Fig. 3B, Table 3). There was no difference in % heads
occupying the SRX state between S15D-RLC and WT-RLC (55.1+10.2) reconstituted fibers
(Fig. 3B), suggesting that phosphorylatable WT-RLC is also able to rescue the DCM-in-

duced SRX phenotype.
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Figure 3. Summary of the SRX study performed on reconstituted LVPM fibers from the model of
DCM, Tg-D94A mice. A. SRX comparison between Tg-WT RLC and Tg-D94A RLC mice. B. The
proportion of myosin heads in the SRX (top) and DRX (bottom) states. LVPM reconstituted with
WT-RLC are shown in black filled symbols, while S15D-RLC in green filled symbols. D94A-RLC
reconstituted fibers are depicted with red filled symbols. Data are expressed as mean + SD of n= N°
fibers: n=13, 4 animals-3F, 1M for native Tg-D94A, n=17, 5 animals-2F, 3M for Tg-WT native, and
n=8-13, 4 animals-1F, 3M for LVPM fibers from Tg-D94A reconstituted with RLC proteins. The sig-
nificance was calculated by Student’s t-test (A) and one-way ANOVA with Tukey’s multiple com-
parison test (B).
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Table 3. The SRX state of myosin assessed in LVPM from Tg-D94A mice reconstituted
with recombinant RLC proteins.

SRX parameter / recombinant RLC- LVPM from Tg-D94A mice
reconstituted LVPM Native WT S15D D9%4A
No. fibers 13 13 8 12
DRX+SD 26.37.3 44.9+10.2%*% A 46.7£13.2%%*% A 33.616.4
SRX+SD 73.7+7.3 55.1+10.2%**% A 53.3£13.2%%*% A 66.4+6.4
T1+SD 6.5£3.3 49+2.8 5.745.1 2.741.7*
T2+SD 161.8+149 136.9+103.1 117.7+130.8 67.4+77.3

Values are means = SD of n= N° fibers. Significance was calculated by one-way ANOVA with
Tukey’s multiple comparison test; ****p < 0.0001, *p < 0.05 for fibers reconstituted with recombinant
RLC proteins versus native; *p < 0.05 for WT or S15D mutant versus D94A-RLC-reconstituted.

3.3. Treatment of RCM and DCM mice with Omecamtiv Mecarbil (OM).

In another series of experiments, we applied Omecamtiv Mecarbil (OM), a positive
cardiac inotrope, to skinned LVPM fibers from mice and tested its effect on Ca**-activated
muscle contraction and on the SRX-to-DRX ratio in resting cardiac muscle. The drug was
developed to treat systolic heart failure by targeting the cardiac MHC to increase myocar-
dial contractility [38]. OM has been shown to improve cardiac function in patients with
heart failure (HF) with a reduced ejection fraction, and among patients who received OM,
a lower incidence of a heart failure event or death than those who received a placebo was
observed [39]. Research studies on OM showed that the drug could prolong actomyosin
attachment and increase the myocardial force by cooperative thin-filament activation [40].
It was also shown that OM’s ability to increase cardiac force production may depend on
the phosphorylation of myosin-binding protein C [41].

3.3.1. Steady-state force and force-pCa relationship

LVPM isolated from all Tg mouse models were subjected to treatment with 3 pM
OM, and the results were compared with fibers treated with placebo (pCa 8 buffer). Ex-
posure of LVPM fibers from Tg-WT ELC and Tg-E143K ELC mice to OM resulted in
significantly higher maximal isometric force per cross-section of muscle (in kN/m?) (Fig.
4AB, Table 4). Additionally, the treatment with OM resulted in a significantly higher cal-
cium sensitivity (larger pCaso) of force for Tg-WT ELC, while no change was observed for
Tg-E143K ELC mice (Fig. 4AB, Table 4).

On the other hand, treatment with 3 uM OM of LVPM fibers from Tg-D94A RLC
mice resulted in significantly higher maximal pCa 4 force per cross-section of muscle fi-
bers and higher Ca? sensitivity of force in Tg-WT RLC and Tg-D94A RLC mice compared
with placebo-treated fibers (Figure 4CD, Table 4).


https://doi.org/10.20944/preprints202306.0357.v1
https://doi.org/10.20944/preprints202306.0357.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 June 2023

d0i:10.20944/preprints202306.0357.v1

A

Relative force

Tg-WT ELC

100 p=0.0004
o~
£ 80
2 o0 2o
% a0 e
L% 20

0 T T

e} N\

<® QO
Q\/P‘O 'b\)\l\

6.5 p=0.0015
860 2
g e

55| —E8—

5.0 T T

20 o
BEC

Force-pCa relationship

B Tg-E143K ELC

p=0.0115

100 —
‘e 80
2 e g2
X
% 40 —&0—
E 2
0 T .
O N\
o4 o
Q\zP‘O 'B\N\
6.5
2 6.0
8
255 o==e %
5.0 . .
0 N
<® [e)
Q\,P“O %\ﬁh

Force-pCa relationship

1.29 1.2
1.04 1.0
0.8 8B os
S
0.69 o 06
=
0.44 E 0.4
[7)
4
021 o Tg-WTELC3pMOM 02 o Tg-E143K 3 M OM
oo - Tg-WTELCPLACEBO g0 £ - Tg-E143K PLACEBO
SYD 7‘5 770 6‘5 STD 575 510 475 470 8'0 7:5 7?0 5:5 BTD 5:5 STD 4:5 ATD
pCa pCa
p=0.0087
100 | 100
~ e 80 o
£ 80 £
2 o < 60 5T
< oo Jg-fr’:EB- X 40 $
é 40 e
£
I 20 €20
0 . . 0 OI g\'
o
ol s N
?\,P 3V A ?
p=0.0005 p=0.0310
6.0
6.0 o o
olo 5.8 oo
358 3
@ o) (<)
=56
5.4 S
5.4 T T 5.2 T T
o) Y 20 N
<© O) o2 o
?\}O 3\)\1\ ?\,P’ g\N\
Force-pCa relationship Force-pCa relationship
1.2 1.2
1.0 1.0
8 0.8 808
8 S
2061 206
E | =
5 o0s S 0.4
0.24 0.2
o Tg-RLC 3M OM o Tg-D94A 3 gM OM
0.0 - Tg-RLC PLACEBO 0.0 - Tg-D94A PLACEBO

80 75 7.0 65 6.0 55 5.0 45 4.0
pCa

8.0 75 7.0 65 6.0 55 5.0 45 4.0
pCa


https://doi.org/10.20944/preprints202306.0357.v1
https://doi.org/10.20944/preprints202306.0357.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 June 2023 d0i:10.20944/preprints202306.0357.v1

Figure 4. Contractile function in skinned LVPM fibers from Tg-WT ELC (A), Tg-E143K ELC (B), Tg-
WT RLC (C), and Tg-D94A RLC (D) mice treated with 3 pM OM versus placebo (pCa 8 buffer).
Maximal force (top panels), Ca?*-sensitivity of force (middle panels), and force-pCa relationships
(bottom panels) were measured in fibers treated with 3 uM OM (cyan filled points) compared with
placebo (pCa 8 solution) (clear points). Data are the average + SD of n = 4-8 fibers (1-2 mice) per
group. P values were calculated by Student’s -test.

Table 4. Maximal tension (pCa 4) and force-pCa relationship in LVPM from Tg-WT ELC, Tg-E143K ELC, Tg-WT RLC,
and Tg-D94A RLC mice treated with omecamtiv mecarbil versus placebo.

Force parameter / LVPM from Tg-WT ELC LVPM from Tg-E143K LVPM from Tg-WT RLC LVPM from Tg-D94A

/ OM vs placebo treated fi- mice mice mice mice
bers OM placebo OM placebo OM placebo OM placebo
No. fibers 6 4 6 4 8 4 6 4
Fmax (kN/m?2) = SD 66.4+5.1%**  48.3+4.5 56.8+4.8% 47.8+3.2 55.8+5.7 51.7+2 64.5+7.8**  46.9+8.1
pCa50 + SD 5.9+0.1** 5.5+0.04 5.7+0.1 5.6+0.03  5.9+0.1*** 5.6+0.1 5.8+0.1* 5.6+0.1
nu+ SD 1.2+0.1* 1.5+0.2 1.8+0.2* 2.2+0.1 1.5+0.2%* 2+0.2 1.9+0.3* 2.2+0.2

Values are means + SD of n= N° fibers. Significance was calculated by Student’s ¢-test with "p < 0.05, "p <0.01, and "*p < 0.001 for OM
versus placebo treated fibers.

3.3.2. SRX<>DRX equilibrium in LVPM fibers from RCM and DCM mice

Next, we tested the effect of treatment with 3 uM OM of LVPM fibers from Tg RCM
and DCM mouse models and their respective Tg-WT mice and the balance between the
SRX and DRX states in treated versus placebo (pCa 8 buffer) (Fig. 5). Despite significant
effects of OM on muscle contraction in transgenic WT-ELC and WT-RLC mice (Fig. 4AC),
no effect upon treatment with OM versus placebo was observed in relaxed muscle fibers,
which maintained their SRX-to-DRX ratios unchanged (Fig. 5AC, Table 5). However,
LVPM from RCM-ELC and DCM-RLC mutant mice demonstrated a significantly lower %
of the SRX heads with OM treatment compared with placebo-treated fibers (Fig. 5BD, Ta-
ble 5). As we showed previously, both models, Tg-E143K ELC and Tg-D94A RLC, favored
the energy conservation SRX state where myosin heads cycled ATP with highly inhibited
rates [26, 30]. In both models, treatment with 3 pM OM produced a switch from the SRX
to the DRX state, where more myosin heads become disordered relaxed, and readily avail-
able for interaction with actin and force production (Table 5). These results indicated a
drug-related rescue of the RCM-E143K ELC (Fig. 5B) and DCM-D94A RLC (Fig. 5D) SRX
phenotypes.
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Figure 5. Rescue of SRX¢>DRX equilibrium in LVPM from RCM-ELC and DCM-RLC mouse models

treated with 3 uM OM. Fibers treated with 3 uM OM (cyan filled points) were compared with pla-
cebo-treated controls (clear points). A. Tg-WT ELC, B. Tg-E143K ELC, C. Tg-WT RLC, and D. Tg-
D94A RLC mice. Data are the average + SD of n = 9-14 fibers of 1-2 mice per group. P values were
calculated by Student’s t-test.

Table 5. The SRX state of myosin study assessed in LVPM from Tg-WT ELC, Tg-E143K
ELC, Tg-WT RLC, and Tg-D94A RLC mice treated with OM versus placebo.

SRX parameter / LVPM from Tg-WT ELC LVPM from Tg-E143K LVPM from Tg-WT RLC LVPM from Tg-D94A

/ OM vs placebo treated mice mice mice mice
fibers OM placebo oM placebo OM placebo OM placebo
No. fibers 14 13 10 12 12 14 11 12
DRX+SD 41.6+104 40.1+8.5  41.1£10.3**  28.8+6.7 39.3£13.4 35.9+48.5  47.2+15.3%%*  22.7+6.2
SRX+SD 58.4+10.4 59.9+8.5 58.9+10.3**  71.246.7 60.7+13.4 64.1+8.5 52.8+15.3****  77.3+6.2
T1+SD 3.7+34 3.2+1.8 3.7+2.4 42427 4.2+3 5.6+3.8 3.7+1.9* 6.9+4.1
T2+5D 101.4£152.5  69+38.5 89.3178.9  112.9+94.3 123.8#86.8 119.6+122.4 83.1x65.6* 230.6+213.8

Values are means + SD of n= N° fibers. Significance was calculated by Student’s t-test with *p < 0.05, *p < 0.01, ****p < 0.0001
for OM versus placebo treated LVPM.

4. Discussion

Myosin RLC phosphorylation is a critical determinant of myosin motor function and
heart performance in normal healthy hearts and plays an especially important role in car-
diomyopathy. Genetic mutations in sarcomeric proteins, including cardiac myosin RLC
and ELC, have been implicated in familial cardiomyopathies, and many of them lower
myosin phosphorylation occurring at the N-terminus of myosin RLC (Ser-15) [10, 42-44].
Pseudo-phosphorylation of myosin RLC by substituting Asp acid for Ser-15 has been
widely used in vitro and in vivo as a genetic approach to normalizing RLC phosphorylation
[45]. Our lab has demonstrated several studies where the pseudo-phosphorylated variant
(515D) of the human ventricular RLC was able to rescue heart function in cardiomyopathy
mice [11, 21] and in reconstituted LVPM systems [12, 20, 28]. Still, little is known about
the primary mechanisms underlying the beneficial effects of RLC phosphorylation. We
hypothesized that one of the mechanisms involves the regulation of the myosin’s super-
relaxed state, which is considered central to modulating sarcomeric force production and
energy utilization in cardiac muscle [46]. Particularly, we hypothesized that mutation-
specific redistribution of myosin energetic states and abnormal SRX—DRX equilibrium is
one of the key mechanisms underlying the pathogenesis of HCM, RCM, or DCM, and
successful therapy should target anomalous SRX/DRX ratio.

We have recently shown the beneficial effect of phosphomimetic S15D-RLC when
reconstituted in LVPM fibers from Tg-R58Q RLC and Tg-D166V RLC mice [12, 20, 28]. In
the current report, we aimed to test whether S15D-RLC may rescue RCM-related Tg-
E143K ELC and DCM-related Tg-D94A RLC phenotypes when reconstituted in fibers
from mice. We demonstrated that LVPM from Tg-E143K mice decreased % SRX heads
upon reconstitution with the phosphomimetic S15D-RLC compared with WT-RLC recon-
stituted. Similarly, the abnormal SRX/DRX ratio found in this Tg-D94A RLC model previ-
ously [30] returned to normal when the endogenous RLC was replaced by recombinant
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phosphomimetic S15D-RLC protein. Therefore, the pseudo-phosphorylation of RLCs in
the RCM-ELC and DCM-RLC models promoted a shift in SRX¢>DRX equilibrium toward

the DRX state, making more heads available for muscle contraction compared with WT-
RLC reconstituted, highlighting the rescue potential of phosphomimetic S15D-RLC vari-
ant.

The effects of the phosphomimetic S15D-RLC were also compared to Omecamtiv
Mecarbil, a positive cardiac inotrope, testing its effect on Ca**-activated muscle contraction
and the SRX-to-DRX ratio in resting cardiac muscle. In accord with experiments targeting
cardiac myosin contractility [38], the exposure of LVPM fibers from Tg-WT ELC and Tg-
E143K ELC mice to OM resulted in significantly higher maximal isometric force per cross-
section of muscle and significantly higher calcium sensitivity of force in Tg-WT ELC mice.
A similar effect was observed in OM-treated LVPM fibers from Tg-D94A RLC mice, where
significantly higher maximal pCa 4 force per cross-section of muscle and higher Ca? sen-
sitivity of force in Tg-WT RLC and Tg-D94A RLC mice were measured.

Similarly to the reconstitution of LVPM with S15D-RLC, treatment with 3 puM OM
caused a shift from the super-relaxed state to the disordered relaxed state in RCM-E143K
ELC and DCM-D94A RLC myocardium. Both models favored the energy conservation
SRX state where myosin heads cycled ATP with highly inhibited rates [26, 30]. Treatment
with the drug produced more myosin heads occupying the DRX state and decreased the
number of slowly cycling SRX heads, indicating a drug-related rescue of the RCM-E143K
ELC and DCM-D94A RLC phenotypes.

Our collected results suggest that the number of functionally accessible myosin
cross-bridges for their interaction with actin is the major determinant of the power output
and different disease-causing mutations may differently impact the equilibrium between
the ON«OFF states. Clinical phenotypes associated with different cardiomyopathies dis-
cussed in this report are expected to be improved following the S15D-RLC or OM treat-
ment. Biochemical destabilization of the SRX with both therapeutic agents is anticipated
to enhance myosin activity via increasing the rate of ATP turnover and accelerating Pi
release, which is the rate-limiting step in the actin-myosin ATPase cycle. Destabilizing the
SRX state would lead to an increased number of myosin heads that bind to actin in a force-
producing state.

Supplementary Materials: The following supporting information can be downloaded at website of
this paper posted on Preprints.org, Figure S1: Representative SDS-PAGE of RLC-depleted and mu-
tant RLC-reconstituted LVPM preparations from Tg-WT ELC, Tg-E143K ELC, and Tg-D94A RLC
mice.
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