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In this study, we investigated the rescue potential of two phosphomimetic
mutants of the myosin regulatory light chain (RLC, MYL2 gene), S15D, and
T160D RLCs. S15D-RLC mimics phosphorylation of the established serine-15
site of the human cardiac RLC. T160D-RLC mimics the phosphorylation
of threonine-160, identified by computational analysis as a high-score
phosphorylation site of myosin RLC. Cardiac myosin and left ventricular
papillary muscle (LVPM) fibers were isolated from a previously generated
model of hypertrophic cardiomyopathy (HCM), Tg-R58Q, and Tg-wild-type
(WT) mice. Muscle specimens were first depleted of endogenous RLC
and then reconstituted with recombinant human cardiac S15D and T160D
phosphomimetic RLCs. Preparations reconstituted with recombinant human
cardiac WT-RLC and R58Q-RLC served as controls. Mouse myosins were
then tested for the actin-activated myosin ATPase activity and LVPM fibers
for the steady-state force development and Ca2+-sensitivity of force. The
data showed that S15D-RLC significantly increased myosin ATPase activity
compared with T160D-RLC or WT-RLC reconstituted preparations. The two
S15D and T160D phosphomimetic RLCs were able to rescue Vmax of
Tg-R58Q myosin reconstituted with recombinant R58Q-RLC, but the effect
of S15D-RLC was more pronounced than T160D-RLC. Low tension observed
for R58Q-RLC reconstituted LVPM from Tg-R58Q mice was equally rescued by
both phosphomimetic RLCs. In the HCM Tg-R58Q myocardium, the S15D-RLC
caused a shift from the super-relaxed (SRX) state to the disordered relaxed
(DRX) state, and the number of heads readily available to interact with actin
and produce force was increased. At the same time, T160D-RLC stabilized
the SRX state at a level similar to R58Q-RLC reconstituted fibers. We report
here on the functional superiority of the established S15 phospho-site of
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TABLE 3 Contractile function in skinned LVPM from Tg-WT and Tg-R58Q mice reconstituted with recombinant RLCs proteins.

Parameter/recombinant LVPM from Tg-WT mice LVPM from Tg-R58Q mice
RLC protein

WT T160D S15D WT T160D S15D R58Q
Fmax (kN/m?) + SD 30.54 £ 4.9 28.44 £ 5.07 29.57 +6.01 22.92 +1.39" 23.09 & 322" 24.04 £+ 1.3M 18.28 £ 1.22
pCaso & SD 5.64 & 0.04 5.62 4 0.05 5.63 4 0.06 5.57 +0.04 5.59 £ 0.05 5.55 4 0.06 558 +0.11
ny Hill coeff. + SD 3.0140.58 245+042 241 +0.33* 298403 2.9 4023 2.9£0.19M 2028
n=N° fibers 7 8 8 5 6 5 5

Values are means == SD for n = N° of independent experiments. Significance was calculated by one-way ANOVA with Tukey’s multiple comparison test with *p < 0.05 and ****p < 0.0001
for S15D, T160D or R58Q mutant vs. WT protein, *p < 0.05, *"p < 0.01, *"*p = 0.001, and *"""*p < 0.0001 for S15D, T160D, or WT vs. R58Q.

FIGURE 5

Summary of the super-relaxed (SRX) state study. (A) Fluorescence decay curves in RLC-depleted and mutant-reconstituted LVPM fibers from
Tg-WT (upper panel) and Tg-R58Q (lower panel) hearts. (B) Distribution of myosin heads between the SRX and DRX states in Tg-WT fibers
reconstituted w/WT-RLC (black), w/T160D (green), and w/S15D (blue). (C) Distribution of myosin heads between the SRX and DRX states in
Tg-R58Q fibers reconstituted w/WT (black), w/T160D (green), w/S15D (blue), and w/R58Q (red). Data are the average + SD of n fibers per group.
For Tg-WT fibers reconstituted w/WT, n = 10, w/T160D, n = 9, and w/S15D, n = 9. For Tg-R58Q reconstituted w/WT, n = 7, w/T160D, n = 6,
w/S15D, n =7, and w/R58Q, n = 7. The significance was calculated by one-way ANOVA with Tukey's multiple comparison test with p values
depicted in the graph. Note that the % SRX is increased in R58Q reconstituted Tg-R58Q fibers.

through the SRX mechanism is essential for sarcomere decay curves vs. time were collected on the rapid exchange of
contraction, and many factors, e.g., mutations in sarcomeric fluorescent mant-ATP for non-labeled (dark) ATP (Figure 5A).
proteins, may affect SRX <> DRX equilibrium. To further The data were fitted to a two-state exponential equation, and the
explore the differences and similarities between the two amplitudes of the fast (P1) and slow (P2) phases of fluorescence
RLC phosphorylation sites at S15 and T160, we assessed the decay and their respective T1 and T2 lifetimes (in seconds) were
effect of phosphomimetic RLC mutants on the SRX state and obtained (22, 35, 41). To estimate the number of myosin heads

SRX <« DRX equilibrium following their exchange for the directly occupying the SRX state in reconstituted LVPM fibers
endogenous cardiac RLC in LVPM from Tg-WT and HCM from Tg-WT (Figure 5B) and Tg-R58Q hearts (Figure 5C),
Tg-R58Q mice (Figure 5; Table 4). LVPM fibers underwent the rapid phase of the fluorescence decay (P1) was corrected
the RLC-depletion/reconstitution procedure and then were for the fast release of nonspecifically bound mant-ATP and
subjected to mant-ATP chase assay (22, 35). The fluorescence the number of SRX heads calculated as P2/(1-0.44) (35). No
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TABLE 4 The SRX state of myosin measured by mant-ATP/ATP chase assays in skinned LVPM from Tg-WT and Tg-R58Q mice reconstituted with

recombinant RLCs proteins.

Parameter/recombinant LVPM from Tg-WT mice

RLC protein

WT T160D S15D
DRX =+ SD (%) 51.8 £11.9 47.3 + 14.1 43+79
SRX % SD (%) 482+ 11.9 52.7 £ 14.1 57+£79
T14SD (s) 95+6 59+3 8.8+3.9
T2 £ SD (s) 133.7 93 111.5 £ 66.8 327.5£313.7
n = N° fibers 10 9 9

LVPM from Tg-R58Q mice

WT T160D S15D R58Q
524 %11 29.1 & 1107 60.3 £ 16.7"" 2824 9.7%*
47.6 £ 11 70.9 £ 117 39.7 £ 167" 71.8 £ 9.7*
39+238 33£25 7.8 4.1 9+38

107.4 & 143.5 80 £ 85.9 225+158.3 108.5 4 158.2
7 6 7 7

Values are means & SD for n = N° of independent experiments. Significance was calculated by one-way ANOVA with Tukey’s multiple comparison test with *p < 0.05 and **p < 0.01 for
R58Q, T160D mutant vs. WT protein, ***p < 0.001 for T160D vs. S15D, **"p < 0.001 for S15D vs. R58Q.

differences in the SRX-to-DRX ratio were observed for the
mutant RLC-reconstituted LVPM from Tg-WT (Figure 5B;
Table 4). However, assessment of mutant RLC-reconstituted
LVPM fibers from Tg-R58Q showed a significantly higher
proportion of myosin cross-bridges in the SRX state for fibers
reconstituted with recombinant R58Q-RLC (~72%) compared
with WT-RLC-reconstituted fibers (48%). This result supports
our previous data on R58Q-RLC reconstituted porcine and
mouse cardiac preparations showing that R58Q promotes
the OFF state of myosin by stabilizing the SRX conformation
characterized by a very low ATP turnover rate (22). Interestingly,
S15D-RLC destabilized the SRX state and shifted the R58Q
heads toward the DRX state (Figure 5C; Table 4). The T160D
phosphomimetic RLC did not alter the SRX-to-DRX ratio in Tg-
R58Q LVPM fibers and behaved similarly to fibers reconstituted
with R58Q-RLC (Figure 5C; Table 4). No significant differences
in the lifetimes of fast and slow phases of fluorescence decays
curves were observed among all tested systems (Table 4). As
for the ATPase assay shown in Figure 3, a significant difference
was noted between S15D-RLC vs. T160D-RLC RLCs, with
the S15D-RLC being superior to T160D-RLC in recusing the
hypocontractile behavior of R58Q-RLC-reconstituted fibers
from HCM Tg-R58Q myocardium (Figure 5C).

Discussion

Human cardiac RLC contains a cardiac MLCK (MYLK3
gene)-specific (S15)
recognized by many research studies as being essential for

phosphorylation site at serine-15
heart performance in normal and disease conditions (42).
Significantly decreased phosphorylation of the RLC occurs
in heart failure patients (43-45) and is also observed in
animal models of heart disease (23, 46, 47). The myocardium
containing dephosphorylated myosin has a reduced ability to
generate force and sustain cardiac function at steady-state levels
(23, 48), suggesting that RLC phosphorylation may inspire

the development of target-specific new therapies. Studies from
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our laboratory identified a link between compromised RLC
phosphorylation in animal models of HCM and decreased
force generation (48-51). Our in vitro data suggested that S15D
phosphomimetic RLC where S15 is replaced by aspartic acid
(D15), could serve as a strategy to mitigate the adverse cardiac
phenotypes in vivo. Beneficial effects of S15D were observed in
S15D-D166V transgenic mice, where the expression of S15D
in the background of HCM-D166V mutation prevented the
development of hypertrophy and cardiac dysfunction associated
with D166V (23). The effects of S15D phosphomimetic RLC
protein were recently tested in vivo when the S15D-RLC
molecule was delivered into the hearts of Tg-D166V mice
via the adeno-associated virus AAV9 (24). We observed a
significant improvement in heart function in AAV9-S15D-RLC
injected hearts of HCM mice compared with empty vector/PBS
injected hearts (24).

Our in-silico search for other potential phosphorylation
sites in the human RLC brought about several Ser/Thr/Tyr
sites (Figure 1), of which we chose to focus on threonine-
160 (T160). This is because T160 is located in the very C-
terminal region of the RLC that encompasses a hot spot for
HCM-associated mutations in the MYL2 gene (17-20). As
phosphorylation sites of myosin RLC may represent a potential
target for therapeutic interventions, we tested whether S15D
and T160D phosphomimetic RLCs can rescue cardiomyopathy
phenotypes in a mouse model of HCM, Tg-R58Q mice (29). This
approach has been previously tested in S15D phosphomimetic
RLC-reconstituted cardiac preparations from HCM-D166V
and HCM-R58Q mice, where S15D alleviated some of the
detrimental HCM phenotypes in vitro (21, 22).

In this study, we compared the T160 RLC site with
the established S15-RLC site and performed a series of
reconstitution experiments using RLC-depleted myosin and
LVPM fibers that were reconstituted with phosphomimetic
T160D and S15D RLC proteins. The data demonstrated
that when reconstituted in cardiac myosin and tested for
actin-activated myosin ATPase activity, both phosphomimetic
RLC proteins (T160D and S15D) were able to restore the
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FIGURE 6

Superimposed WT variants

R58Q -T160D Superimposed R58Q variants

The S15 and T160 phosphorylation sites are visualized as phosphomimetics S15D and T160D in the human cardiac RLC-WT (A) and RLC-R58Q
(B) proteins. I-TASSER derived secondary structures of the human cardiac RLC were built using protein templates selected from the Protein Data
Bank (PDB): 5tbyE, 3dtpE, 3jvtB, 3pn7E, 3j04B, 3i5iB, 2w4aB, 2bl0C, 6iihA, and 6k7yl. Note that mild intramolecular rearrangements in the vicinity
of phosphorylation sites at amino acids (aa) 15 and 160 are visible in the superimposed structures of WT and R58Q proteins.

maximal ATPase activity (Vmax) in Tg-R58Q myosin to the
level of WT-RLC-reconstituted HCM-R58Q myosin (Figure 3B;
Table 1). A significant difference in Vimax was noted between
S15D-RLC and T160D-RLC, with SI15D-RLC showing higher
ATPase than T160D reconstituted in Tg-WT and Tg-R58Q
myosin, indicating functional superiority of the S15D vs. T160D
phosphomimetic RLC protein. Significant differences were
observed between both phosphomimetic RLCs in regulating
SRX<«>DRX equilibrium in Tg-R58Q mice (Figure 5). Unlike
S15D-RLC, T160D-RLC did not change the ratio of the SRX
to DRX state in skinned LVPM fibers of HCM Tg-R58Q mice.
At the same time, SI5D-RLC fostered the transition from the
energy-conserving SRX state to the DRX state and increased the
number of DRX heads readily available to interact with actin and
produce force (Figure 5). No changes were noted in SRX <> DRX
equilibrium by S15D or T160D RLCs in Tg-WT mice, indicating
that the phosphorylation of S15-RLC is essential for rescuing
the energetic state of myosin altered by HCM-R58Q mutation
of the RLC.

Several studies suggest that the primary effect of HCM-
causing mutations is hypercontractility of the heart that results
from an increase in the number of functionally accessible
myosin heads for the interaction with thin filaments and force
production (52). The R58Q model displays a non-canonical
HCM phenotype that is hypo- rather than hypercontractile
(Figure 5). It stabilizes the OFF state of myosin in LVPM
fibers from Tg-R58Q mice (Table 4; Figure5) and in R58Q
recombinant protein-reconstituted porcine fibers (22). As
demonstrated by Kampourakis et al. (25), R58Q promotes the
OFF state by reducing the number of myosin cross-bridges
readily available for actin interaction and ATP utilization.
Altogether, our previous and current results suggest that
the abnormal heart performance in Tg-R58Q mice (29,
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49) originates from an R58Q-mediated decrease in RLC
phosphorylation, diminished maximal tension, and stabilization
of the hypocontractile SRX state of myosin cross-bridges. These
adverse HCM phenotypes can be rescued in full by the S15D and
to some degree by the T160D phosphomimetic mutant.

The I-TASSER/PyMol modeled secondary structures of the
phosphomimetic S15D and T160D mutants in the background
of either WT-RLC or HCM R58Q-RLC are presented in
Figure 6. The S15D mutation causes slight conformational
changes in the N-terminus of WT-RLC (Figure 6A) and HCM
R58Q-RLC (Figure 6B), indicating phosphorylation-mediated
intramolecular changes in the RLC molecule. The T160D
mutation appears to render more structural changes in the
WT-RLC background (Figure 6A) than in the R58Q-RLC
(Figure 6B), supporting its lesser rescue ability of function in
HCM myocardium compared with SI5D-RLC.

Conclusions

Our experimental approach allowed us to test the
of RLCs
when reconstituted in cardiac muscle preparations from
HCM-R58Q myocardium compared with WT mice. We
that R58Q-exerted adverse phenotypes
could be rescued by S15D or T160D phosphomimetic RLCs
in cardiac preparations from Tg-R58Q mice. A low level

functional significance two phosphomimetic

showed several

of maximal isometric force or depressed ATPase activity
observed for R58Q-reconstituted samples could be restored
by both S15D and T160D RLCs with the significantly better
rescue of the Vmax of myosin ATPase activity by S15D-
RLC. Significantly, S15D but not T160D phosphomimetic
RLC could modulate myosin energetic states in the resting
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muscle and promote the DRX state reducing the fraction of
SRX heads and counteracting the hypocontractile activity
of R58Q-reconstituted HCM myocardium. This
supports the functional superiority of the established serine-15

result

phosphorylation site of the RLC that may serve as a therapeutic
target for HCM.
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