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cMyBPC phosphorylation modulates the effect of
omecamtiv mecarbil on myocardial force generation
Ranganath Mamidi*, Joshua B. Holmes*, Chang Yoon Doh, Katherine L. Dominic, Nikhil Madugula, and Julian E. Stelzer

Omecamtiv mecarbil (OM), a direct myosin motor activator, is currently being tested as a therapeutic replacement for
conventional inotropes in heart failure (HF) patients. It is known that HF patients exhibit dysregulated β-adrenergic signaling
and decreased cardiac myosin-binding protein C (cMyBPC) phosphorylation, a critical modulator of myocardial force
generation. However, the functional effects of OM in conditions of altered cMyBPC phosphorylation have not been
established. Here, we tested the effects of OM on force generation and cross-bridge (XB) kinetics using murine myocardial
preparations isolated from wild-type (WT) hearts and from hearts expressing S273A, S282A, and S302A substitutions (SA) in
the M domain, between the C1 and C2 domains of cMyBPC, which cannot be phosphorylated. At submaximal Ca2+ activations,
OM-mediated force enhancements were less pronounced in SA than in WTmyocardial preparations. Additionally, SA myocardial
preparations lacked the dose-dependent increases in force that were observed in WTmyocardial preparations. Following OM
incubation, the basal differences in the rate of XB detachment (krel) between WT and SA myocardial preparations were
abolished, suggesting that OM differentially affects the XB behavior when cMyBPC phosphorylation is reduced. Similarly, in
myocardial preparations pretreated with protein kinase A to phosphorylate cMyBPC, incubation with OM significantly
slowed krel in both the WT and SA myocardial preparations. Collectively, our data suggest there is a strong interplay between
the effects of OM and XB behavior, such that it effectively uncouples the sarcomere from cMyBPC phosphorylation levels. Our
findings imply that OM may significantly alter the in vivo cardiac response to β-adrenergic stimulation.

Introduction
Omecamtiv mecarbil (OM) is an inotropic agent in late-phase
clinical trials that is proposed to be a general treatment for heart
failure (HF) with reduced ejection fraction (EF [HFrEF]; Malik
et al., 2011; Teerlink et al., 2020a). Conventional inotropic agents
targeting Ca2+ handling, β-adrenergic signaling, or other sig-
naling pathways have typically failed to pass clinical trials due to
altered myocardial energetics, altered Ca2+ homeostasis, and an
increased risk of fatal arrhythmias (Ahmad et al., 2019; Psotka
et al., 2019; Holmes et al., 2020). In theory, OM avoids these
issues by selectively activating myosin within cardiac sarco-
meres. At the molecular level, initial preclinical studies report
that OM stabilizes the force-producing state of the actin–myosin
complex by increasing the rate of inorganic phosphate release
from myosin (Malik et al., 2011). Other studies further revealed
that OMmay additionally slow the release of ADP to achieve the
same effect (Liu et al., 2015; Mamidi et al., 2015). Both mecha-
nisms serve to increase the population of strongly bound cross-
bridges (XBs) and to potentially counteract the decreased
contractility typically seen in HFrEF. Other preclinical studies

suggest that these molecular augmentations serve to increase
systolic ejection time, stroke volume (SV), and EF (Shen et al.,
2010; Malik et al., 2011). HFrEF patients participating in phase
1 and 2 clinical trials largely tolerated OM while reflecting the
increases in systolic ejection time, SV, and EF shown in the
preclinical tests (Teerlink et al., 2020b). The general efficacy of
OM is expected to be revealed by the just completed GALACTIC-
HF phase 3 clinical trial with >8,000 end-stage HFrEF partic-
ipants across the globe, as well as other future trials (Teerlink
et al., 2020a).

Despite several high-profile clinical trials, numerous aspects
of how OM interacts with the dysregulated cellular pathophys-
iology of HF remain poorly understood. In particular, there is a
down-regulation of the PKA-mediated β-adrenergic signaling
pathway that plays a critical role in the pathogenesis of HF
(Lohse et al., 2003). Studies on myocardial samples from end-
stage failing human hearts show that sarcomeric PKA phos-
phorylation targets including titin, cardiac troponin I (cTnI), and
cardiac myosin-binding protein C (cMyBPC) display drastically
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reduced phosphorylation compared with tissue from human
donor hearts (van der Velden and Stienen, 2019). Our previous
study of OM in skinned human HF and donor cardiac muscle
preparations suggests that the phosphorylation state of the
downstream PKA targets within the sarcomere may alter the
drug’s effect (Mamidi et al., 2017b). However, the precise
mechanisms of OM-mediated effects on down-regulated myo-
filament protein phosphorylation have not been rigorously ex-
amined. Thus, further characterization of the relationship
between PKA phosphorylation and OM drug effects will be im-
portant to understand how OM behaves in patient populations
with depressed myofilament protein phosphorylation. Other
factors such as coadministered cardiovascular drugs and phys-
iological stress such as exercise may also dynamically change
phosphorylation levels within the same HFrEF patients (Wang
and Fitts, 2020; Leosco et al., 2007).

Of the several sarcomeric proteins that PKA phosphorylates,
cMyBPC is known to interact directly with myosin, which is
OM’s target (Gruen and Gautel, 1999; Moss et al., 2015; Mamidi
et al., 2017a). cMyBPC is a myosin accessory protein that local-
izes in 9–11 bands on each side of the sarcomere’s M line, an-
choring to the thick filament (Craig et al., 2014). The length
afforded by cMyBPC’s 11 domains (C0–C10) allow its N-terminal
domains to interact directly with both myosin and actin-binding
sites (reviewed in Moss et al., 2015). cMyBPC’s M domain be-
tween C1 and C2 harbors three physiologically important PKA-
phosphorylatable serine residues: S273, S282, and S302 (Tong
et al., 2008; Gresham et al., 2014; Mamidi et al., 2017a). Func-
tional studies have demonstrated that phosphorylation of these
three cMyBPC residues is the principal mediator of the con-
tractile response to increased β-adrenergic stimulation in vivo
as opposed to other PKA targets (Gresham and Stelzer, 2016).
Additional in vitro studies of cMyBPC phosphorylation have
shown that PKA phosphorylation of cMyBPC can modulate
myosin XB behavior and ATPase rate (Stelzer et al., 2007; Tong
et al., 2008; Coulton and Stelzer, 2012; Mamidi et al., 2016).
Collectively, these previous findings suggest that the phospho-
rylation state of cMyBPC may be a key modulator of OM’s
functional effects. Understanding the nature of the relationship
between cMyBPC phosphorylation and OM will further eluci-
date how OM interacts with the broader pathophysiology of
HFrEF.

Materials and methods
Animal protocols
Experiments conducted for this study were performed as out-
lined in the Guide for the Care and Use of Laboratory Animals
(NIH publication no. 85-23, revised in 1996) and were conducted
as per the guidelines outlined by the Institutional Animal Care
and Use Committee at the Case Western Reserve University.
Male and female WT and transgenic mice expressing non-
phosphorylatable cMyBPC containing serine to alanine sub-
stitutions at residues S273, S282, and S302 (i.e., SA) on a
cMyBPC-null background (Tong et al., 2008; Gresham and
Stelzer, 2016; Mamidi et al., 2016, 2017a), aged 3–6 mo (SV/129
strain), were used for the experiments.

Relative PKA-mediated phosphorylation of cMyBPC and other
sarcomeric proteins in WT and SA myocardial samples
The phosphorylation status of variousmyofilament proteins was
assessed by phosphoprotein gel stain and Coomassie blue stain
as described previously (Mamidi et al., 2014; Doh et al., 2019).
Myocardial protein samples were prepared from flash-frozen
mouse hearts that were stored at −80°C. Small sections of fro-
zen ventricular tissues were thawed and homogenized in a relax
buffer and incubated in 1% Triton X-100 at room temperature
(∼23 ± 1°C) for 15 min to yield myofibrils (Mamidi et al., 2017b).
After centrifugation of the samples at 10,000 rcf (relative cen-
trifugal force) for 5 min, the pellet containing the myofibril
fraction was reconstituted in relax buffer (in mM: 100 KCl, 20
imidazole, 7 MgCl2, 2 EGTA, and 4.6 ATP, pH 7.0) containing
protease and phosphatase inhibitors (PhosSTOP and cOm-
pleteULTRA Tablets; Sigma-Aldrich). Protein concentrations were
estimated using the BCA protein colorimetric assay (Pierce BCA
Protein Assay Kit; Thermo Fisher Scientific). All solutions were
brought to room temperature for 10 min before initiating the PKA
phosphorylation reactions. Myofibrils isolated from WT and SA
hearts (100 µg) were incubated with the catalytic subunit of
bovine PKA (Sigma-Aldrich) to a final concentration of 0.15 U
PKA/µg myofibrils for 1 h at 30°C (Gresham et al., 2014). Control
myofibrils were incubated under the same conditions without PKA.
Laemmli buffer (3×) was added to stop the reaction. Samples were
heated at 90°C for 10 min and stored at −20°C for future use.

For SDS PAGE,∼5 µg of solubilizedmyofibrils was loaded and
separated using TruPAGE precast 4–12% gels (Sigma-Aldrich) at
180 V for 45 min. Gels were stained with Phos-Tag phospho-
protein gel stain (ABP Biosciences) using the manufacturer’s in-
structions and imaged using the GE Healthcare Typhoon Trio
Variable Mode Imager System. For total protein level determina-
tion, the gels were double stained with Blue Silver colloidal
Coomassie formulation overnight and destained with water
(Candiano et al., 2004). The Coomassie gels were imaged using the
Azure Biosystems c600 Imaging system. Densitometric scanning of
the gel images was performed using ImageJ software. The relative
phosphorylation level for each protein was determined by the
phosphostain intensity normalized to the Coomassie stain intensity.

Chemically skinned myocardial preparations and Ca2+

solutions for stretch activation experiments
Myocardial preparations were made as described previously
(Gresham et al., 2014; Li et al., 2020). Flash-frozen murine
ventricular tissue was homogenized in a relaxing solution and
chemically skinned for 1 h with 1% Triton X-100 (Thermo Fisher
Scientific). Myocardial preparations with dimensions of ~100
µm in width and ~300 µm in length were selected for the ex-
periments. The composition of various Ca2+ activation solutions
prepared for mechanical experiments was calculated using a
computer program (Fabiato, 1988) and using the established
stability constants (Godt and Lindley, 1982). All the Ca2+ sol-
utions contained the following (in mM): 14.5 creatine phosphate,
7 EGTA, and 20 imidazole. The maximal activating solution (pCa
4.5; pCa = −log [Ca2+]free) also contained 65.45 KCl, 7.01 CaCl2,
5.27 MgCl2, and 4.81 ATP, while the relaxing solution (pCa 9.0)
contained 72.45 KCl, 0.02 CaCl2, 5.42 MgCl2, and 4.76 ATP. The
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pH of the Ca2+ solutionswas set to 7.0, and the ionic strength was
set to 180 mM. A range of pCa solutions (pCa 6.4 to 5.5) containing
varying levels of [Ca2+]free were then prepared by mixing appro-
priate volumes of pCa 9.0 and pCa 4.5 stock solutions, and all the
mechanical experiments were performed at ∼23 ± 1°C.

Preparation of OM solution
OMwas procured from Selleckchem and was dissolved in DMSO
as done in our previous studies (Mamidi et al., 2015, 2017b). OM
stock solution was added to a relax solution to achieve final
concentrations of 0.5 µM or 1.0 µM OM. The final concentration
of DMSO in the relax solution is 0.002%, which has negligible
effects on cardiac contractile function (Takahashi et al., 2000).
Incubation of the myocardial preparations with OMwas done in
a relax solution containing either 0.5 µM or 1.0 µM OM. Steady-
state force generation and dynamic XB behavior were measured
in myocardial preparations that were exposed to a range of pCa
solutions before OM incubation, or following a 2-min incubation
with either 0.5 µM or 1.0 µM OM (Mamidi et al., 2017b).

Apparatus for measuring steady-state and dynamic contractile
properties in the myocardial preparations
Myocardial preparations were mounted between a motor arm
(312C; Aurora Scientific) and a force transducer (403A; Aurora
Scientific) as described previously (Li et al., 2018, 2020).
Changes in the motor length and signals from the force trans-
ducer were sampled at 2,000 Hz using a custom-made sarco-
mere length (SL) control software program (Campbell andMoss,
2003). For all mechanical measurements, the SL of the myo-
cardial preparations was set to 2.1 µm. Force–pCa relationships
were estimated by bathing the myocardial preparations in a
range of pCa solutions (i.e., pCa 6.4 to 4.5). The apparent coop-
erativity of force development was estimated from the steepness
of Hill plot transformation of the force–pCa relationships
(Mamidi et al., 2014; Chandra et al., 2009). The force–pCa data
were fitted using the equation P/Po � [Ca2+]nH/(knH + [Ca2+]nH),
where P is the force generated at a given pCa, P0 is the force
generated at maximal Ca2+ activation, nH is the Hill coefficient,
and k is the pCa required to produce half-maximal activation
(i.e., pCa50; Mamidi et al., 2015).

Stretch activation experiments on myocardial preparations to
determine dynamic XB contractile parameters
Stretch activation experiments were performed as described in
earlier publications (Li et al., 2020; Doh et al., 2019). Myocardial
preparations were bathed in Ca2+ solutions yielding steady-state
forces of ∼30% of maximal Ca2+-activated force. Once the myo-
cardial preparations attained steady-state force development, a
rapid 2% stretch of their initial muscle length (ML) was applied,
and the preparation was held at the newML for 8 s before being
returned to the initial ML. The high-speed stretches (completed
in ∼2 ms) were imposed so as to minimize the changes in XB
populations during the time of the imposed stretch in ML, such
that the stretch activation response can be attributed to the
elastic properties of the XBs that were bound to actin before the
stretch (Stelzer et al., 2006b). The characteristic features of
the stretch activation responses (tension transients) in cardiac

muscle have been described in detail elsewhere (Stelzer and
Moss, 2006; Ford et al., 2010; Mamidi et al., 2019) and are
shown in Fig. 1. Various phases of the tension transients elicited
in response to ML changes were then analyzed individually to
gain insights into XB mechanics (Stelzer et al., 2006a; 2006b;
2006c; 2007).

A sudden 2% stretch of ML induces an instantaneous rise in
force (P1), which is due to the strain of strongly bound XBs
(phase 1) and represents the number of strongly bound XBs in a
force-producing state (XB stiffness; Stelzer and Moss, 2006;
Ford et al., 2010). The force transient then rapidly decays (phase
2) due to a rapid detachment of the strained XBs, which tran-
sition into a non–force-generating state, with a rate constant krel,
an index of XB detachment from actin. The minimum force
reached at the end of phase 2 of the stretch activation transient is
indicated by P2 and represents the magnitude of XB detachment
following stretch. The amplitude of P2 can decline further than
the isometric prestretch force, resulting in negative values, es-
pecially following PKA treatment, which is likely due to an ac-
celeration in the rate of XB detachment in phase 2 (Stelzer et al.,
2006c). Following phase 2 is a gradual rise in force development
(phase 3), with a rate constant kdf, which is a result of stretch-
induced recruitment of additional XBs into the force-generating
state, and the amplitude of phase 3 is an index of the magnitude
of XB recruitment (Pdf). The new peak of the steady-state force,
which is higher than the initial prestretch steady-state force,

Figure 1. Representative stretch activation response following a rapid
2% stretch in ML. Highlighted are the important phases of the force re-
sponse and the associated dynamic XB parameters in a WT myocardial
preparation following a 2% stretch in ML (see Materials and methods for
details). Phase 1 represents the immediate increase in force when a sudden
stretch in ML is applied and represents the number of strongly bound XBs at
the instance of the imposed stretch. P1 is the magnitude of the immediate
force response and is measured from the prestretch isometric steady-state
force (set to zero before the stretch) to the peak of phase 1. This is followed
by phase 2, which represents a rapid decline in force development with a
dynamic rate constant krel and is an index of the rate of XB detachment. The
minimum point of phase 2 is represented by P2, which indicates the mag-
nitude of XB detachment. Phase 3 denotes the delayed force development
with a dynamic rate constant kdf and is an index of the rate of XB recruitment.
Pdf is the difference between P2 and P3 and represents the magnitude of XB
recruitment in response to the imposed stretch.
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attained in response to the increase inML is indicated by P3. The
sum of all XBs recruited by a sudden 2% stretch in ML in an
isometrically contracting myocardial preparation can be as-
sessed bymeasuring the amplitude of the delayed force response
of phase 3 (i.e., Pdf).

The different stretch activation amplitudes were normalized
to prestretch Ca2+-activated force to facilitate comparisons be-
tween preparations that develop different amounts of absolute
force and the Ca2+ activation levels as done before (Mamidi et al.,
2015, 2018, 2017b). Thus, the amplitudes of all parameters
measured are expressed as a fraction of the total prestretch
forces (Mamidi et al., 2017b). P1 is measured from the prestretch
steady-state force to the peak of phase 1; P2 is measured from the
prestretch steady-state force to the minimum force value at-
tained at the end of phase 2; P3 is measured from the prestretch
steady-state force to the peak force value of the delayed force
attained in phase 3; and Pdf is the difference between P3 and P2.

krel was measured by fitting a single exponential to the time
course of force decay using the formula y = a[−1 + exp(−k1 × x)],
where a is the amplitude of the single exponential phase and k1 is
the rate constant of the force decay (Mamidi et al., 2016). kdf was
estimated by linear transformation of the half-time of force re-
development (kdf = 0.693/t1/2), where t1/2 is the time in milli-
seconds measured from the nadir (i.e., the point of force
reuptake at the end of phase 2) to achievement of the half-
maximal force in phase 3 of the force response, where maxi-
mal force is indicated by the achievement of a plateau region in
phase 3 (P3; Mamidi et al., 2016).

Stretch activation experiments were performed following a
1-h incubation of the myocardial preparations with PKA. Be-
cause PKA treatment decreases the myofilament Ca2+ sensitivity
of force generation, we used a pCa solution with slightly higher
[Ca2+]free (pCa 6.0) to match the activation levels before PKA
treatment (pCa 6.1; Mamidi et al., 2016).

Data analysis
All data are presented as mean ± SEM. Data from multiple my-
ocardial preparations from each heart were averaged to provide
a single value that was then used for the statistical analysis.
Multiple groups of data were analyzed using a two-way ANOVA
followed by Tukey post-hoc tests. The type of myocardial
preparation (WT or SA) and the dose of OM (pre-OM [0.0 µM
OM], 0.5 µM OM, or 1.0 µM OM) were the two factors for the
analysis. Wherever appropriate, independent t tests were used
to assess whether there were any significant differences be-
tween two different groups, and pairwise t tests were used to
assess whether therewere any significant differences before and
after OM incubations on the same myocardial preparation as in
our previous studies (Mamidi et al., 2015, 2017b). The criterion
for statistical significance was set at P < 0.05.

Results
Impact of cMyBPC phosphoablation on sarcomeric protein
isoform phosphorylation
We have previously demonstrated that the expression of
cMyBPC in SA hearts is ∼73 ± 8% of WT cMyBPC levels

(Gresham and Stelzer, 2016; Mamidi et al., 2016) and that M
domain phosphorylation (i.e., S273, S282, and S302) is abolished
(Gresham and Stelzer, 2016; Mamidi et al., 2016). These SA mice
have been characterized in our earlier studies (Mamidi et al.,
2016, 2017a), and the expression level of the transgenic SA re-
ported in this study is comparable to that of other published
studies (Tong et al., 2008; Rosas et al., 2015). We have also
previously shown that OM treatment does not alter the phos-
phorylation status of sarcomeric proteins (Mamidi et al., 2015).
The phosphorylation levels of sarcomeric proteins in cardiac
samples prepared fromWT and SA hearts were analyzed by SDS
gel electrophoresis and Phos-Tag phosphoprotein gel stain
analysis (Fig. 2 A). To assess the impact of cMyBPC phosphoa-
blation on PKA-mediated phosphorylation of myofilament pro-
teins, WT and SA samples were incubated with PKA for 1 h at
30°C (Mamidi et al., 2016). As expected, the phosphorylation of
cMyBPC increased following the PKA treatment in the WT
samples (Fig. 2 B). Interestingly, the cMyBPC phosphorylation
level in SA samples also increased modestly following PKA
treatment but did not reach theWT levels (Fig. 2 B). This modest
increase is likely due to the phosphorylation of other PKA sites
in cMyBPC (Kooij et al., 2013; Bardswell et al., 2012). However,
as we and others have previously shown (Gresham et al., 2014;
Gresham and Stelzer, 2016; Tong et al., 2008; Nagayama et al.,
2007), these phosphorylation residues appear functionally less
significant in vivo.

Effects of OM on Ca2+-activated force generation inWT and SA
myocardial preparations
Myocardial preparations were sequentially bathed in Ca2+ sol-
utions containing increasing Ca2+ levels (pCa 6.2, 6.1, 6.0, and
5.9) to yield submaximal forces (∼18–40% of maximal force) as
done previously (Mamidi et al., 2015). Force generation was first
measured at baseline, and again following a 2-min incubation in
0.5 µM or 1.0 µM OM (Mamidi et al., 2015, 2017b). The force
enhancement following OM incubation is expressed as the
percent increase in force from the corresponding baseline force
(considered as 100% force) generated by the myocardial prepa-
ration at a given Ca2+ activation. The OM-induced force en-
hancements gradually decreased as the level of Ca2+ activation
increased (Table 1, Table 2, Fig. 3, and Fig. 4), as observed pre-
viously. Force generations and percent force increases following
OM incubation in WT and SA myocardial preparations are
shown in Table 1 and Table 2, respectively. Importantly, OM-
induced force enhancement was more pronounced in the WT
myocardial preparations than in SA myocardial preparations,
especially with 1.0 µM OM at pCa values 6.2 and 6.1 (Table 1 and
Table 2). Specifically, the percent force increases in WT myo-
cardial preparations following 1.0 µM OM incubation at pCa
values 6.2 and 6.1 were 157 ± 15 and 63 ± 3, respectively, whereas
the percent force increases in SA myocardial preparations were
only 51 ± 8 and 33 ± 9 (Table 2). Furthermore, no significant
differences were observed between the pre-OM force develop-
ment in the SA myocardial preparations when compared with
the WT myocardial preparations at either submaximal Ca2+ ac-
tivations (Table 1) or maximal Ca2+ activation (Table 3). Thus,
the decreased force enhancements at submaximal Ca2+
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activations following 1.0 µM OM in the SA myocardial prepa-
rations can be attributed to cMyBPC phosphoablation in the SA
myocardial preparations. Another important finding is that OM
incubation led to dose-dependent increases in the myocardial
force generation at all the Ca2+ levels tested in WT myocardial
preparations but not in SA myocardial preparations (Table 2
and Fig. 3). Taken together, our data suggest that OM is not as
effective at enhancing force generation in myocardial prepa-
rations with dephosphorylated cMyBPC.

We next tested whether PKA treatment, which is known to
phosphorylate both cMyBPC and cTnI, alters the OM-induced
effects on myocardial force generation. Because 0.5 µM OM
did not result in significant force enhancements in the SA my-
ocardial preparations, we incubated the PKA-treatedWT and SA
myocardial preparations with 1.0 µM OM. For PKA-treated WT
myocardial preparations, the forces (in mN/mm2) before and
after OM treatment, respectively, were, for pCa 6.2, 2.20 ± 0.32
and 6.58 ± 0.37; pCa 6.1, 3.31 ± 0.33 and 6.79 ± 0.70; pCa 6.0, 4.40 ±

Figure 2. Phos-Tag phosphoprotein gel stain analysis to assess the phosphorylation status of myofilament proteins in WT and SA myocardial
preparations. (A) Representative Phos-Tag phosphoprotein–stained (left) and Coomassie-stained (right) SDS gels showing the phosphorylation status of
myofilament proteins in WT and SA samples before and following incubation with PKA. (B) Quantification of phosphorylation of cMyBPC, cTnT, cTnI, and RLC
in WT and SA samples. In both groups, three hearts and two replicates each were used to analyze total protein expression and phosphorylation. Values are
expressed as mean ± SEM. *, Significantly different compared with the corresponding pre-PKA group; P < 0.05.

Table 1. Force generation in WT and SA myocardial preparations following OM incubations at different levels of Ca2+ activation

Group pCa 6.2 pCa 6.1 pCa 6.0 pCa 5.9

WT

Pre–0.5 µM OM 4.9 ± 0.7 8.7 ± 1.2 9.3 ± 1.2 12.4 ± 1.9

0.5 µM OM 7.7 ± 0.8 (*, P = 0.001) 10.4 ± 1.4 (*, P = 0.03) 9.8 ± 1.0 11.7 ± 1.3

Pre–1.0 µM OM 3.7 ± 0.6 6.3 ± 0.8 7.7 ± 1.2 10.2 ± 1.9

1.0 µM OM 9.3 ± 0.9 (*, P = 0.001) 10.2 ± 1.1 (*, P = 0.001) 9.5 ± 1.2 (*, P = 0.007) 11.4 ± 1.7 (*, P = 0.03)

SA

Pre–0.5 µM OM 4.5 ± 0.9 5.3 ± 0.9 7.4 ± 1.2 9.1 ± 1.2

0.5 µM OM 4.9 ± 0.7 6.1 ± 1.4 7.3 ± 1.0 9.1 ± 1.1

Pre–1.0 µM OM 4.2 ± 0.6 5.3 ± 0.7 6.9 ± 0.5 7.8 ± 0.5

1.0 µM OM 6.3 ± 0.7 (*, P = 0.001; &, P = 0.03) 6.9 ± 0.6 (*, P = 0.008; &, P = 0.04) 8.1 ± 0.6 (*, P = 0.01) 8.7 ± 0.4 (*, P = 0.01)

The impact of OM on force generation was measured by incubating WT and SA myocardial preparations with either 0.5 µM or 1.0 µM OM. Baseline forces
generated by the myocardial preparations were first measured in Ca2+ solutions with a range of pCa values from 6.2 to 5.9. Forces (in mN/mm2) were
subsequently measured on the same preparations using the same range of pCa solutions following a 2-min incubation with either 0.5 µM or 1.0 µM OM. Data
from multiple preparations from each heart were averaged, and 12–15 myocardial preparations from four different hearts were used per group. Values are
expressed as mean ± SEM. *, Significantly different when comparing the forces generated prior to OM incubation with forces generated following OM
incubation within each group. &, Significantly different compared with the corresponding WT group.
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1.08 and 6.42 ± 1.08; and pCa 5.9, 6.82 ± 0.78 and 7.73 ± 0.61. For
PKA-treated WT myocardial preparations, the percent force in-
creases from baselinewere 215.4 ± 53.2, 105.1 ± 8.9, 54.6 ± 17.8, and
14.5 ± 5.8, respectively, at pCa 6.2, 6.1., 6.0, and 5.9. For PKA-
treated SA myocardial preparations, the forces (in mN/mm2) be-
fore and after OM treatment, respectively, were, for pCa 6.2, 3.46 ±
0.89 and 5.16 ± 1.41; pCa 6.1, 3.43 ± 0.67 and 5.39 ± 1.09; pCa 6.0,
4.13 ± 0.77 and 5.71 ± 1.10; and pCa 5.9, 5.24 ± 1.15 and 6.32 ± 1.36.
For PKA-treated SA myocardial preparations, the percent force
increases from baseline were 49.5 ± 7.9, 57.5 ± 5.7, 37.8 ± 1.1, and
21.1 ± 5.4, respectively, at pCa 6.2, 6.1., 6.0, and 5.9. Similar to the
non–PKA-treated myocardial preparations, the percent force in-
creases in the SA myocardium were significantly smaller when
compared with force increases in the WT myocardial prepara-
tions, especially at low Ca2+ activations (pCa 6.2 and 6.1). Thus, our
results show that cMyBPC phosphorylation modulates the impact
of OM on force generation. Incubation with OM did not alter the
maximal Ca2+-activated force (i.e., Fmax measured at pCa 4.5) or
the Ca2+-independent force (i.e., Fmin measured at pCa 9.0;
Table 3 and Table 4).

Effects of OM on myofilament Ca2+ sensitivity (pCa50) of force
generation and cooperativity (nH) in WT and SA
myocardial preparations
The effect of OM on pCa50, the pCa required to generate half-
maximal force, was assessed by plotting normalized force values
against a range of pCa and constructing force–pCa relationships
at SL 2.1 µm in WT and SA myocardial preparations. The pCa50
was estimated by fitting the Hill equation to the force–pCa re-
lationships (Fig. 5). The pCa50 values for WT and SA myocardial
preparations before and following OM treatment in non–PKA-
treated groups and PKA-treated groups are shown in Table 3 and
Table 4, respectively. Our data show that treatment with both
0.5 µM and 1.0 µM OM increased the responsiveness of the

cardiac myofilaments to Ca2+ at submaximal Ca2+ activations in
the WT myocardial preparations, as indicated by a significant
leftward shift in the force–pCa relationships in all the groups
(Fig. 5 A and Table 3). The nH values decreased after OM treat-
ment in the WT myocardial preparations, indicating that incu-
bation with OM decreased the overall cooperativity of force
generation (Mamidi et al., 2015; Table 3). In contrast to WT
myocardial preparations, pCa50 was unaltered in the SA myo-
cardial preparations following OM incubations, presumably
because no significant force enhancements occurred following
0.5 µM OM incubation and that 1.0 µM OM-mediated force
enhancements were mainly confined to <50% of maximal force
(P = 0.07). As a result, nH values decreased only after 1.0 µM OM
treatment in the SA myocardial preparations (Table 3).

Incubation with 1.0 µM OM did not significantly increase the
pCa50 in PKA-treated myocardial preparations, likely because
most of the OM-mediated force enhancements are confined to
<50% of maximal force. Furthermore, treatment with 1.0 µM
OM decreased the nH in PKA-treated WT myocardial prepara-
tions (Table 4).

Effects of OM on dynamic stretch activation parameters inWT
and SA myocardial preparations
Stretch activation parameters (Fig. 1) were assessed following
OM incubations (0.5 µM or 1.0 µM) at pCa 6.1 in WT and SA
myocardial preparations (Table 5). Pre- and post-OM stretch
activation traces shown for non–PKA-treated (Fig. 6) and PKA-
treated (Fig. 7) myocardial preparations were collected at pCa
values 6.1 and 6.0, respectively. The impact of OM on the rate of
XB detachment was assessed by measuring krel. We have pre-
viously shown that 1.0 µM OM slows krel in murine myocardial
preparations (Mamidi et al., 2015). As shown previously
(Mamidi et al., 2016, 2017a), under basal conditions (before OM
treatment) SA myocardial preparations exhibited a slower krel

Table 2. Percentage changes in force generation in WT and SA myocardial preparations following OM incubations at different levels of
Ca2+ activation

Group pCa 6.2 pCa 6.1 pCa 6.0 pCa 5.9

WT

0.5 µM
OM

62.3 ± 8.7 (*, P = 0.006) 19.4 ± 4.0 (*, P = 0.02) 6.44 ± 3.1 −3.7 ± 4.3

1.0 µM OM 157.4 ± 15.1 (*, P = 0.002; #, P =
0.001)

62.7 ± 3.2 (*, P = 0.0003; #, P =
0.003)

25.6 ± 5.2 (*, P = 0.02; #, P =
0.02)

14.4 ± 4.4 (*, P = 0.04; #, P =
0.02)

SA

0.5 µM
OM

16.7 ± 16.2 10.3 ± 8.6 0.8 ± 4.2 −0.02 ± 3.3

1.0 µM OM 51.3 ± 7.9 (*, P = 0.007; &, P =
0.0003)

32.5 ± 8.7 (*, P = 0.03; &, P = 0.03) 15.4 ± 2.5 (*, P = 0.01) 11.1 ± 2.4 (*, P = 0.02)

The impact of OM on force generation was measured by incubating WT and SA myocardial preparations with either 0.5 µM or 1.0 µM OM. Baseline forces
generated by themyocardial preparations were first measured in Ca2+ solutions with a range of pCa values from 6.2 to 5.9. Forces were subsequently measured
on the same preparations using the same range of pCa solutions following a 2-min incubation with either 0.5 µM or 1.0 µM OM. The net increase in force
generation following OM incubation at each pCa was calculated and expressed as percent increase in force from the baseline as done previously (Mamidi
et al., 2015, 2017b). Data from multiple preparations from each heart were averaged, and 12–15 myocardial preparations from four different hearts were used
per group. Values are expressed as mean ± SEM. #, Significantly different compared to the 0.5 µM OM group. *, Significantly different comparing baseline
forces to the forces generated following incubation with OM within each group. &, Significantly different compared to the corresponding WT group.
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Figure 3. Impact of OM on percent force increases at various levels of Ca2+ activation in WT and SA myocardial preparations. Baseline forces
generated by the myocardial preparations were initially measured in Ca2+ solutions with pCa ranging from 6.2 to 5.9. Forces were subsequently measured on
the same preparations using the same range of pCa solutions following a 2-min incubation with either 0.5 or 1.0 µM OM. The net increase in force generation
following OM incubation at each pCa was calculated and expressed as percent increase in force from the preincubation baseline force inWT and SAmyocardial
preparations as done in our previous studies (Mamidi et al., 2015, 2017b). Incubation with OM led to a dose-dependent increase in the myocardial force
generation at all the Ca2+ levels tested in the WT but such dose-dependent force increases were absent in the SA myocardial preparations. Data from multiple
preparations from each heart were averaged, and 12–15 myocardial preparations from four different hearts were used per group. Values are expressed as mean
± SEM. #, Significantly different compared with the 0.5 µM OM group. &, Significantly different compared with the corresponding WT group. P < 0.05.
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when compared with the WT myocardial preparations. Follow-
ing 0.5 µM and 1.0 µM OM incubation, krel slowed by ∼50% and
∼74%, respectively, in the WT myocardial preparations (Fig. 8
A). Interestingly, in the SAmyocardial preparations, 0.5 µM OM
incubation did not slow krel, but 1.0 µM OM incubation slowed
krel by ∼72% (Fig. 8 B), indicating a differential effect of OM dose
on krel in myocardial preparations with dephosphorylated

cMyBPC. Thus, following OM incubations, krel differences be-
tween WT and SA myocardial preparations were abolished.

The impact of OM on the rate of XB recruitment was assessed
by measuring kdf. We have previously shown that 1.0 µM OM
slows kdf in the murine myocardial preparations (Mamidi et al.,
2015). Under basal conditions, no differences in kdf existed be-
tweenWT and SAmyocardial preparations, as shown previously

Figure 4. Impact of OM on themagnitude of force generation at various levels of Ca2+ activation in PKA-treatedWT and SAmyocardial preparations.
(A–D)Myocardial preparations were incubated for 1 h in PKA, and then baseline forces generated by the PKA-treated preparations were first measured in Ca2+

solutions with pCa ranging from 6.2 to 5.9. Forces were subsequently measured on the same myocardial preparations using the same range of pCa solutions
following a 2-min incubation with 1.0 µM OM. The net increase in force generation following OM incubation at each pCa was calculated and expressed as
percent increase in force from the preincubation baseline force measured in Ca2+ solutions with pCa 6.2 (A), 6.1 (B), 6.0 (C), and 5.9 (D). Force enhancements
following OM incubation were less pronounced in the PKA-treated SA myocardial preparations when compared with the PKA-treated WT myocardial
preparations, especially at low Ca2+ activations, where OM has more potent effects on enhancing the force generation (Mamidi et al., 2015, 2017b). Data from
multiple preparations from each heart were averaged, and six to seven myocardial preparations from three different hearts were used per group. Values are
expressed as mean ± SEM. *, Significantly different compared with the corresponding 1.0 µM OM-treated WT group; P < 0.05.

Table 3. Steady-state contractile parameters measured in WT and SA myocardial preparations

Group pCa50 nH Fmax (mN/mm2) Fmin (mN/mm2)

WT

Pre-OM 5.85 ± 0.03 2.22 ± 0.09 18.13 ± 2.87 1.16 ± 0.21

0.5 µM OM 6.02 ± 0.01 (*, P = 0.005) 1.49 ± 0.04 (*, P = 0.0008) 13.47 ± 3.01 1.61 ± 0.31

1.0 µM OM 6.08 ± 0.04 (*, P = 0.0002) 1.03 ± 0.02 (*, P < 0.0001) 12.26 ± 1.83 1.92 ± 0.19

SA

Pre-OM 5.86 ± 0.02 2.10 ± 0.12 12.95 ± 1.77 1.02 ± 0.24

0.5 µM OM 5.79 ± 0.03 (&, P = 0.005) 2.05 ± 0.14 (&, P = 0.01) 12.21 ± 1.29 1.70 ± 0.33

1.0 µM OM 5.97 ± 0.02 1.33 ± 0.02 (*, P = 0.0005) 9.10 ± 1.03 1.15 ± 0.25

pCa50, myofilament Ca2+ sensitivity; nH, cooperativity of force production; Fmax, maximal Ca2+-activated force measured at pCa 4.5; Fmin, Ca2+-independent
force measured at pCa 9.0. Values are expressed as mean ± SEM. Data from multiple preparations from each heart were averaged, and 9–13 myocardial
preparations from three or four hearts were used per group. *, Significantly different compared with the corresponding pre-OM group. &, Significantly
different compared with the corresponding WT group.
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(Mamidi et al., 2016, 2017a). In WT myocardial preparations, kdf
slowed only with 1.0 µM OM (by ∼24%), but kdf was slowed with
both 0.5 µM OM (by ∼29%) and 1.0 µM OM (by ∼45%) in SA
myocardial preparations (Table 5 and Fig. 8, C and D).

The impact of OM on the magnitude of the stiffness of
strongly bound force-generating XBs was assessed bymeasuring
P1 from the stretch activation responses in the WT and SA
myocardial preparations (Fig. 1). Our data show that P1 signifi-
cantly increased, by ∼20% and ∼43%, following 0.5 µM and 1.0
µM OM, respectively, in WT myocardial preparations. P1 in-
creased by ∼19% and ∼16% following 0.5 µM and 1.0 µM OM,
respectively, in SA myocardial preparations. Therefore, follow-
ing 1.0 µM OM incubation, P1 in SA myocardial preparations
was significantly smaller when compared with the corre-
sponding WTmyocardial preparations (Table 5 and Fig. 8, E and
F), indicating a blunting in the OM-induced increase in P1 in
myocardial preparations with dephosphorylated cMyBPC.

The impact of OM on the magnitude of the XB detachment
was assessed by measuring P2 from the stretch activation re-
sponses (Table 5 and Fig. 1). Our data show that P2 significantly
increased following 0.5 µM and 1.0 µM OM in WT myocardial
preparations. Despite not reaching statistical significance, P2

values showed an increasing trend following increased OM
concentrations in the SA myocardial preparations, indicating a
differential effect of OM on P2 (Table 5).

The impact of OM on the magnitude of the new steady-state
force development due to ML-mediated recruitment of addi-
tional XBs was assessed by measuring P3 from the stretch acti-
vation responses in the WT and SA myocardial preparations
(Table 5 and Fig. 1). Our data indicate that P3 was unaltered by
OM treatment in the WT and SA myocardial preparations. This
finding is in contrast to a previous report which showed ∼16%
increase in ER (equivalent to P3) at maximal Ca2+ activation in
chemically skinned guinea pig cardiac muscle preparations
(Gollapudi et al., 2017). While the cause for this divergent
finding is currently unknown, it may be related to the differ-
ences in the level of Ca2+ activation used between the two
studies (pCa 6.1 in our study vs. pCa 4.3 in Gollapudi et al., 2017).
However, our observations are in agreement with an unaltered
ER at submaximal Ca2+ activations (pCa 5.8) reported in the
same study.

The impact of OM on the magnitude of XB recruitment fol-
lowing a sudden stretch in ML was assessed by measuring Pdf.
As shown previously (Mamidi et al., 2016, 2017b), under basal

Table 4. Steady-state contractile parameters measured in PKA-treated WT and SA myocardial preparations

Group pCa50 nH Fmax (mN/mm2) Fmin (mN/mm2)

WT + PKA

Pre-OM 5.77 ± 0.03 2.04 ± 0.06 17.44 ± 1.68 0.58 ± 0.04

1.0 µM OM 5.99 ± 0.10 1.07 ± 0.07 (*, P = 0.02) 13.54 ± 0.08 1.52 ± 0.08

SA + PKA

Pre-OM 5.79 ± 0.02 2.13 ± 0.13 14.88 ± 0.33 1.54 ± 0.21

1.0 µM OM 5.92 ± 0.08 1.52 ± 0.32 11.43 ± 2.77 2.19 ± 0.54

pCa50, myofilament Ca2+ sensitivity; nH, cooperativity of force production; Fmax, maximal Ca2+-activated force measured at pCa 4.5; Fmin, Ca2+-independent
force measured at pCa 9.0. Values are expressed as mean ± SEM. Data from multiple preparations from each heart were averaged, and six to seven myocardial
preparations from three different hearts were used per group. *, Significantly different compared with the corresponding pre-OM group.

Figure 5. Impact of OM on myofilament Ca2+ sensitivity (pCa50) in WT and SA myocardial preparations. (A and B) Force–pCa relationships were
constructed by plotting normalized forces generated against a range of pCa with and without OM incubations in WT (A) and SA (B) myocardial preparations.
OM incubation caused a significant leftward shift in the force–pCa relationships in WT myocardial preparations, indicating that OM caused a significant in-
crease in pCa50. However, pCa50 was unaltered in the SA myocardial preparations following OM incubation, presumably because 1.0 µM OM-mediated force
enhancements in SAmyocardial preparations were mainly confined to <50% of maximal force. Data frommultiple preparations from each heart were averaged,
and 9–13 myocardial preparations from three or four hearts were used per group.
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conditions, SA myocardial preparations exhibited a smaller Pdf
compared with WT myocardial preparations (Table 5). Follow-
ing 0.5 µM and 1.0 µM OM incubations, Pdf decreased by ∼43%
and ∼70%, respectively, inWTmyocardial preparations (Fig. 8 G).
In contrast, in SA myocardial preparations, incubation with 0.5
µM OM did not alter Pdf, whereas incubation with 1.0 µM OM
decreased Pdf by ∼68% (Fig. 8 H).

Effects of OM on dynamic stretch activation parameters in
PKA-treated WT and SA myocardial preparations
The effect of 1.0 µM OM incubation on stretch activation pa-
rameters was tested at pCa 6.0 in PKA-treated WT and SA my-
ocardial preparations (Table 6). krel in the PKA-treated SA
myocardial preparations was slower when compared with PKA-
treated WT myocardial preparations, as reported previously
(Mamidi et al., 2016; Table 6). Following OM incubation, krel
slowed by ∼78% in the WT myocardial preparations, but krel
slowed by only ∼53% in the SA myocardial preparations, such
that krel differences between PKA-treated WT and SA

myocardial preparations were abolished (Table 6 and Fig. 9, A
and B). kdf in the PKA-treated SA myocardial preparations was
slower than kdf in the PKA-treated WT myocardial preparations,
as reported previously (Mamidi et al., 2016; Table 6). Following
OM incubation, kdf slowed by ∼66% in WT myocardial prepa-
rations, but kdf slowed by only ∼52% in SA myocardial prepa-
rations, such that kdf differences between PKA-treated WT and
SA myocardial preparations were abolished after OM treatment
(Table 6 and Fig. 9, C and D). Furthermore, OM incubation in-
creased the magnitude of the strongly bound XBs (P1) in PKA-
treated WT and SA myocardial preparations (Fig. 9, E and F). As
shown previously (Mamidi et al., 2016, 2017a), PKA-treated SA
myocardial preparations exhibited a smaller magnitude of XB
recruitment, Pdf when compared with the PKA-treated WT
myocardial preparations (Mamidi et al., 2016; Table 6). Incuba-
tion with OM decreased Pdf in PKA-treated WT and SA myo-
cardial preparations, and Pdf in the SA myocardial preparations
was reduced compared withWTmyocardial preparations (Fig. 9,
G and H).

Table 5. Dynamic stretch activation parameters measured in WT and SA myocardial preparations

Group krel (s−1) kdf (s−1) P1 P2 P3 Pdf

WT

Pre-OM 345.39 ± 16.71 4.21 ± 0.30 0.554 ± 0.02 −0.093 ± 0.01 0.165 ± 0.01 0.258 ± 0.01

0.5 µM
OM

171.24 ± 14.54 (*, P <
0.0001)

3.56 ± 0.19 0.665 ± 0.01 (*, P =
0.03)

0.012 ± 0.01 (*, P =
0.02)

0.158 ± 0.01 0.146 ± 0.02 (*, P =
0.001)

1.0 µM
OM

89.95 ± 14.26 (*, P <
0.0001)

3.18 ± 0.37 (*, P =
0.04)

0.792 ± 0.03 (*, P <
0.0001)

0.076 ± 0.01 (*, P <
0.0001)

0.155 ± 0.02 0.079 ± 0.01 (*, P <
0.0001)

SA

Pre-OM 217.15 ± 23.47 (&, P =
0.001)

4.23 ± 0.09 0.561 ± 0.02 0.046 ± 0.02 (&, P =
0.001)

0.179 ± 0.01 0.133 ± 0.01 (&, P =
0.0005)

0.5 µM
OM

157.48 ± 29.34 2.99 ± 0.15 (*, P =
0.02)

0.665 ± 0.02 (*, P =
0.04)

0.110 ± 0.04 (&, P =
0.03)

0.223 ± 0.02 (&, P =
0.04)

0.113 ± 0.03

1.0 µM
OM

61.67 ± 8.28 (*, P =
0.0002)

2.30 ± 0.18 (*, P =
0.0002)

0.653 ± 0.02 (&, P =
0.002)

0.118 ± 0.01 0.161 ± 0.01 0.043 ± 0.01 (*, P =
0.01)

Stretch activation amplitudes were normalized to prestretch steady-state Ca2+-activated force, which refers to the activation level (pCa 6.1;∼30% of maximal
Ca2+-activated force) as described in Materials and methods. Data from multiple preparations from each heart were averaged, and 12–15 myocardial
preparations from four or five different hearts were used per group. Values are expressed as mean ± SEM. kdf, rate of XB recruitment; krel, rate of XB
detachment; P1, XB stiffness; P2, magnitude of XB detachment; P3, new steady-state force reached following a quick 2% stretch in ML; Pdf, magnitude of XB
recruitment. *, Significantly different compared with the corresponding pre-OM group. &, Significantly different compared with the corresponding WT group.

Figure 6. Representative stretch activation traces fromWT
and SA myocardial preparations. (A and B) Representative
stretch activation responses to a rapid 2% increase in ML in WT
(A) and SA (B) myocardial preparations measured at pCa 6.1 to
illustrate the dose-dependent effect of OM on force generation.
WT myocardial preparations showed a dose-dependent OM-
mediated increase in force development, whereas increase in
force development was observed only following 1.0 µM OM
incubation in the SA myocardial preparations.
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Discussion
Dysregulation of β-adrenergic signaling pathways in the path-
ological progression of HF leads to dephosphorylation of im-
portant regulatory myofilament proteins such as cMyBPC (El-
Armouche et al., 2007; Jacques et al., 2008; Copeland et al., 2010;
Kooij et al., 2013). While the phosphorylation of serine residues
in cMyBPC’s M domain is known to be a primary regulator of
cardiac contractile function, the dependence of OM on variable
cMyBPC phosphorylation has not been thoroughly investigated.
Herewe show that the basal cMyBPC dephosphorylation, often seen
in advancedHF, blunts OM’s inotropic influences on cardiacmuscle
contractility. We further show that OM attenuates the accelerating
effects of cMyBPC PKA phosphorylation on XB kinetics.

cMyBPC dephosphorylation alters the myocardial
contractile response to OM
Incubating WT and SA myocardial preparations with OM dem-
onstrated a strong relationship between cMyBPC phosphoryla-
tion and the OM-induced contractile response. The effect of OM
on the steady-state force generation parameters in the WT
myocardial preparations with physiological baseline cMyBPC
phosphorylation confirms results from previous studies
(Mamidi et al., 2015). OM-dependent force enhancements in
fibers were most dramatic at low Ca2+ concentrations (Table 2
and Fig. 3), as demonstrated previously (Mamidi et al., 2015,
2017b). Several lines of research indicate that OM accomplishes
this effect by stabilizing the force-generating state of the XB
cycle, leading to a prolonged duty ratio and increased cooper-
ative activation of thin-filament regulatory units via nearest-
neighbor effects (Wang et al., 2014; Swenson et al., 2017;
Gordon et al., 2000; Mamidi et al., 2015; Kampourakis et al.,
2018). Furthermore, increasing the concentration of OM led to
a dose-dependent increase in the force developed by the WT
myocardial preparations (Table 2 and Fig. 3). OM’s induction of
Ca2+-independent activation mechanisms at low pCa also ex-
plains why OM increases pCa50 and decreases force–pCa coop-
erativity (Table 3 and Fig. 5). With increasing Ca2+ concentrations,
however, force enhancements become less pronounced (Table 2
and Fig. 3) as the effect of widespread Ca2+ activation overpowers
the OM-induced cooperative XB activation (Mamidi et al., 2015,
2017b).

Also consistent with previous studies, OM substantially al-
tered the dynamic XB behavior in the WT myocardial

preparations (Mamidi et al., 2015, 2017b). Increasing doses of
OM progressively enhanced the immediate force response (P1)
to a small rapid stretch in ML, reflecting a dose-dependent in-
crease in XB stiffness in addition to an increased number of
bound XBs at the time of stretch (Table 5 and Fig. 8 E). Never-
theless, OM decreased the final net magnitude of newly re-
cruited XBs due to stretch activation (Pdf; Table 5 and Fig. 8 G).
This effect may be due to an OM-induced reduction of the
available XBs for recruitment following stretch activation. OM
also slowed both krel and kdf in the myocardial preparations
(Table 5 and Fig. 8). Several OM-mediated mechanisms may
contribute to the slower krel including increasing the XB duty
ratio, increasing XB stiffness (Mamidi et al., 2015), and slowing
the myosin power stroke (Rohde et al., 2017; Caremani et al.,
2019). The slowing in kdf may reflect the slow propagation in the
rate of OM-induced cooperative thin-filament activation to ad-
jacent regulatory units (Campbell, 1997; Mamidi et al., 2017b).

The phosphoablative cMyBPC mutations in the SA myocar-
dial preparations significantly altered the contractile response to
OM. While OM-mediated increases in force development were
observed in the WT at low pCa (6.2 and 6.1), the SA myocardial
preparations showed no significant force increases with 0.5 µM
OM incubation (Table 2). No significant differences in pre-OM
force generation and myofilament Ca2+ sensitivity (pCa50) were
observed between WT and SA myocardial preparations (Table 1
and Table 3). Following incubation with 1.0 µM OM, modest
increases in forces were observed in the SA myocardial prepa-
rations, but the observed force increases were less dramatic than
those observed in the corresponding WT myocardial prepara-
tions (Table 2). For example, the percent force increases fol-
lowing 1.0 µM OM incubation at pCa 6.2 and 6.1 in WT
myocardial preparations were 157% and 63%, respectively,
whereas percent force increases in SA myocardial preparations
were only 51% and 33%, respectively (Table 2). Further deviating
from the WT myocardial preparations, increasing OM concen-
tration from 0.5 µM to 1.0 µM failed to significantly increase P1
in the SA myocardial preparations (Table 5, Fig. 6 B, and
Fig. 8 F). These results suggest that cMyBPC dephosphorylation
prevents OM from recruiting an equivalent number of XBs
compared with basally phosphorylated WT cMyBPC. In this
context, recent studies show that dephosphorylation of cMyBPC
stabilizes a super-relaxed (SRX) state of myosin, which is
characterized by very slow ATP turnover rates (McNamara

Figure 7. Representative stretch activation traces from
PKA-treated WT and SA myocardial preparations. (A and B)
Representative stretch activation responses to a rapid 2% in-
crease in ML in PKA-treated WT (A) and PKA-treated SA (B)
myocardial preparations measured at pCa 6.0 to illustrate the
effect of OM on force generation. Incubation with 1.0 µM OM
significantly increased force development in the PKA-treated
WT and SA myocardial preparations.
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Figure 8. Impact of OM on the dynamic XB parameters in WT and SA myocardial preparations. The effects of OM on dynamic XB parameters derived
from stretch activation responses in pre-OM, 0.5 µM OM–, and 1.0 µM–treatedWT and SA myocardial preparations are shown at pCa 6.1. (A and B) krel before
and following OM incubations in WT (A) and SA (B) myocardial preparations. (C and D) kdf before and following OM incubations in WT (C) and SA (D) myo-
cardial preparations. (E and F) P1 before and following OM incubations in WT (E) and SA (F) myocardial preparations. (G and H) Pdf before and following OM
incubations in WT (G) and SA (H) myocardial preparations. Data from multiple preparations from each heart were averaged, and 12–15 myocardial preparations
from four or five different hearts were used per group. Values are expressed as mean ± SEM. *, Significantly different compared with the corresponding pre-OM
group; P < 0.05. &, Significantly different compared with the corresponding WT group.
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et al., 2019, 2015). Myosin heads in the SRX state are hypothe-
sized to fold back toward the thick-filament backbone, and are
unable to participate in active XB cycling (Woodhead et al.,
2005; Spudich, 2019). Thus, it is likely that the phosphoab-
lated cMyBPC present in SA myocardium would sequester more
myosin heads to the SRX state, effectively removing them from
the cycling XB population that OM can recruit to the force-
generating state.

The myosin-sequestering effects of cMyBPC dephosphoryla-
tion can further explain the differences in krel seen between the
OM-treated WT and SA myocardial preparations. In agreement
with our previous studies (Mamidi et al., 2016, 2017a), we show
that cMyBPC phosphoablation led to a slower pre-OM krel in SA
when compared with WT myocardial preparations (Table 5).
Additionally, we observed that the OM-mediated slowing effects
on krel were more pronounced in the WT compared with the SA
myocardial preparations, which required higher OM concen-
trations to achieve differences from baseline krel, a likely effect
of cMyBPC phosphoablation in the SA myocardial preparations
(Table 5 and Fig. 8 B). Interestingly, krel in both groups con-
verged to similar values at both 0.5 µM and 1.0 µM OM in-
cubations (Table 5 and Fig. 8, A and B). By having fewer cycling
XBs in the SA myocardial preparations at baseline, krel begins at
a reduced value and OM has a diminished ability to slow krel
further. Furthermore, a slowing in krel due to increasing OM
concentrations also led to a decrease in the magnitude of XB
detachment following a stretch in ML, leading to increase in P2
values which in turn contributed to the observed decreases in
Pdf (Table 5). In contrast to WT, the SA myocardial preparations
showed an increasing trend in the P2 values following increased
OM concentrations, but the P2 values post OM treatment did not
reach a statistical significance when compared with P2 values of
pre-OM SA myocardial preparations, indicating a differential
effect of OM on P2 in a cMyBPC phosphoablated myocardium.
Collectively, our findings suggest that cMyBPC dephosphoryla-
tion blunts OM-mediated force generation and alters the OM-
mediated XB behavior.

OM uncouples the sarcomere from β-adrenergic stimulation
To study the effects of OM on muscle contractile function in the
context of β-adrenergic stimulation, we performed the 1.0 µM
OM experiments following incubation of the myocardial prep-
arations with PKA. Numerous studies have established that
cMyBPC phosphorylation is critical for an adequate cardiac re-
sponse to β-adrenergic stimulation (Colson et al., 2010, 2012;
Stelzer et al., 2006c; Tong et al., 2008; Gresham and Stelzer,
2016). Mechanistic models of cMyBPC phosphorylation suggest
that the addition of negatively charged phosphates to M domain
serine residues inhibits cMyBPC interactions with the S2 do-
main of myosin (Gautel et al., 1995; Spudich, 2019). Experi-
mental evidence indicates that the loss of this interaction
disrupts the SRX state of myosin heads (McNamara et al., 2019),
increases myosin head proximity to the thin filament (Colson
et al., 2008), and decreases XB stiffness (Stelzer et al., 2006c).
These generally manifest as accelerated kinetics (increases in krel
and kdf; Table 5 and Table 6) and an increased magnitude of XB
detachment (Stelzer et al., 2006c). Our results show that OM
incubation following cMyBPC phosphorylation by PKA largely
counteracts these usual enhancements, resulting in increased
XB stiffness, dramatically slowed kinetics, and decreases in the
magnitude of XB detachment (Table 6). Most notably, OM
slowed krel and kdf by ∼78% and ∼66%, respectively, in the PKA
phosphorylated WT myocardial preparations following OM in-
cubation (Table 6 and Fig. 9). The slowing effect of OM was so
potent that neither krel nor kdf was statistically different from
those measured in PKA and OM-treated SA myocardial prepa-
rations expressing the nonphosphorylatable cMyBPC (Table 6
and Fig. 9).

Strikingly, the effects of OMwere largely the same regardless
of whether the sarcomere was phosphorylated by PKA. One may
have expected that the accelerating effects of cMyBPC phos-
phorylation would in some way cancel out the depressive effects
of OM on XB behavior. However, we found that 1.0 µM OM
slowed XB detachment (krel) in both the PKA-treated and non-
PKA WT muscle groups by similar amounts (∼78% and ∼73%,

Table 6. Dynamic stretch activation parameters measured in PKA-treated WT and SA myocardial preparations

Group krel (s−1) kdf (s−1) P1 P2 P3 Pdf

WT + PKA

Pre-OM 573.48 ± 79.14 7.68 ± 1.07 0.637 ± 0.03 −0.062 ± 0.09 0.312 ±
0.08

0.374 ± 0.04

1.0 µMOM 124.46 ± 18.61 (*, P =
0.03)

2.58 ± 0.33 (*, P =
0.02)

0.724 ± 0.02 (*, P =
0.04)

0.055 ± 0.03 0.211 ±
0.02

0.156 ± 0.02 (*, P =
0.01)

SA + PKA

Pre-OM 211.27 ± 2.60 (&, P =
0.01)

3.41 ± 0.26 (&, P =
0.02)

0.563 ± 0.03 0.126 ± 0.02 0.238 ±
0.01

0.112 ± 0.03 (&, P =
0.005)

1.0 µMOM 98.97 ± 11.81 (*, P =
0.01)

1.62 ± 0.40 (*, P =
0.01)

0.612 ± 0.02 (*, P = 0.02;
&, P = 0.03)

0.156 ± 0.01 (&, P =
0.03)

0.212 ±
0.01

0.056 ± 0.01 (&, P =
0.01)

Stretch activation amplitudes were normalized to prestretch steady-state Ca2+-activated force, which refers to the activation level (pCa 6.0;∼30% of maximal
Ca2+-activated force) as described in Materials and methods. kdf, rate of XB recruitment; krel, rate of XB detachment; P1, XB stiffness; P2, magnitude of XB
detachment; P3, new steady-state force reached following a quick 2% stretch in ML; Pdf, magnitude of XB recruitment. Data from multiple preparations from
each heart were averaged, and six to seven myocardial preparations from three different hearts were used per group. Values are expressed as mean ± SEM.
*, Significantly different compared to the corresponding pre-OM group. &, Significantly different compared with the corresponding WT group.
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Figure 9. Impact of OM on the dynamic XB parameters in PKA-treated WT and SA myocardial preparations. The effects of OM on dynamic XB pa-
rameters derived from stretch activation responses in PKA-treated WT and SA myocardial preparations are shown at pCa 6.0. (A and B) krel before and
following OM incubation in WT (A) and SA (B) myocardial preparations. (C and D) kdf before and following OM incubation in WT (C) and SA (D) myocardial
preparations. (E and F) P1 before and following OM incubation inWT (E) and SA (F) myocardial preparations. (G and H) Pdf before and following OM incubation
in WT (G) and SA (H) myocardial preparations. Data frommultiple preparations from each heart were averaged, and six to seven myocardial preparations from
three different hearts were used per group. Values are expressed as mean ± SEM. *, Significantly different compared with the corresponding pre-OM group; P <
0.05. &, Significantly different compared with the corresponding WT group.
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respectively; Table 5, Table 6, Fig. 8, and Fig. 9). This would
imply a mechanism where once myosin heads are freed from
cMyBPC by its phosphorylation (McNamara et al., 2019), OM
sequesters them to a slow cycling actin-bound state that cannot
be accelerated by further PKA activity. Single-molecule studies
have shown that OM creates such an actin-bound state by in-
hibiting the myosin power stroke, and trapping the XB in the
prepower stroke position (Liu et al., 2015; Rohde et al., 2017).
Our proposed mechanism would then assume that phosphory-
lated cMyBPC cannot accelerate the trapped XB through the
power stroke, but we are unaware of studies that have investi-
gated the effects of cMyBPC phosphorylation on the myosin
power stroke. However, given that phosphorylated cMyBPC has
lower affinity for myosin (Gautel et al., 1995), we find it unlikely
that cMyBPC phosphorylation can accelerate the power stroke
beyond that of cMyBPC-free myosin. This would suggest that
the PKA phosphorylation of cMyBPC, and by extension the
β-adrenergic pathway, is poorly positioned to counteract OM-
mediated kinetic slowing, because OM effectively uncouples
myofilament contractility from β-adrenergic stimulation.

It is important to note that cMyBPC can modulate the sar-
comere’s contractile response by mechanisms not dependent on
myosin binding. For instance, myosin-free cMyBPC N-terminal
domains have been suggested to compete with myosin for actin
binding sites and could therefore decrease the number of XBs
that OM can recruit to the thin filament (Moss et al., 2015). This
may explain why Pdf remained significantly higher in the PKA-
treated WT compared with the PKA-treated SA myocardial
preparations following OM incubation and not in the non-PKA
myocardial preparations (Table 5, Table 6, and Fig. 9). Never-
theless, the strong OM-dependent force increases and kinetic
slowing we observed in the PKA-treated WT group suggest that
effects due to cMyBPC actin binding are secondary to OM’s
potency (Table 6 and Fig. 9).

Clinical implications
Our finding that skinned myocardial preparations respond dif-
ferently to OM concentration depending on the level of cMyBPC
phosphorylation has important clinical implications for patients
on OM therapy. Because β-adrenergic signaling dysregulation
accompanies HF progression, PKA-mediated β-adrenergic phos-
phorylation of cMyBPCM domain residues decreases to low levels
as patients progress toward end-stage HF (El-Armouche et al.,
2007; Lohse et al., 2003; van der Velden and Stienen, 2019). Our
results suggest that the therapeutic headroom of OM may be
limited by intense cMyBPC dephosphorylation seen in advanced
HF. Our observation could help explain why SV in HFrEF pa-
tients plateaus at OM plasma concentrations >400 ng/ml com-
pared with healthy participants who continued to see increases
with higher OM concentrations (Cleland et al., 2011; Teerlink
et al., 2011).

Furthermore, short-term changes in β-adrenergic stimula-
tion and cMyBPC phosphorylation due to physiological stressors
like exercise could also modulate OM effects (Wang and Fitts,
2020; Leosco et al., 2007). While the β-adrenergic response to
these stressors in end-stage HFrEF patients may not be dramatic,
those in earlier stages of HF may still see a significant signaling

response (Leosco et al., 2007; Lohse et al., 2003). This healthier
patient group is important to consider, as some researchers have
postulated that OM should be administered to early-stage HF pa-
tients to maximize its potential reverse-remodeling effects (Ahmad
et al., 2019). Our data from PKA-treated myocardial preparations
suggests that OM stifles normal β-adrenergic–mediated contractile
acceleration and could blunt the cardiac response needed to ac-
commodate normal physiological stressors resulting in ischemia.
Ischemia has been observed in patients taking high doses of OM at
rest, but increased cardiac demand could worsen this risk even at
lower OM doses (Teerlink et al., 2011; Cleland et al., 2011; Nánási
et al., 2016; Rønning et al., 2018). At this time, however, clinical
trials studying the safety of OM in the context of exercise have
focused only on end-stage HFrEF patients with baseline ischemia
under nonstrenuous exercise (Greenberg et al., 2015). Taken to-
gether, results from this study demonstrate the importance of ac-
counting for basal cMyBPC phosphorylation levels and the interplay
between OM and the myofilament contractile regulation in HF
therapies.

Acknowledgments
Henk L. Granzier served as editor.

All experiments were performed at the Department of
Physiology and Biophysics, Case Western Reserve University,
Cleveland, OH.

This work was supported by the National Institutes of Health
(grants R01 HL146676 and HL-114770).

The authors declare no competing financial interests.
Author contributions: R. Mamidi, J.B. Holmes, and J.E. Stelzer

contributed to the conception and design of the experiments. R.
Mamidi, J.B. Holmes, C.Y. Doh, K.L. Dominic, N. Madugula, and
J.E. Stelzer participated in performing the experiments, data
collection, analysis, data interpretation, writing, and revising
the manuscript. All authors approved the final version of the
manuscript.

Submitted: 2 November 2020
Accepted: 27 January 2021

References
Ahmad, T., P.E. Miller, M. McCullough, N.R. Desai, R. Riello, M. Psotka, M.
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