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Abstract

Background—Mammalian hearts exhibit positive inotropic responses to f3-adrenergic
stimulation as a consequence of protein kinase A (PKA)-mediated phosphorylation or as a result
of increased beat frequency (the Bowditch effect). Several membrane and myofibrillar proteins are
phosphorylated under these conditions, but the relative contributions of these to increased
contractility are not known. Phosphorylation of cardiac myosin binding protein-C (cMyBP-C) by
PKA accelerates the kinetics of force development in permeabilized heart muscle, but its role in
vivo is unknown. Such understanding is important, since adrenergic responsiveness of the heart
and the Bowditch effect are both depressed in heart failure.

Methods and Results—The roles of cMyBP-C phosphorylation were studied using mice in
which either WT or nonphosphorylatable forms of cMyBP-C [ser273ala, ser282ala, ser302ala:
cMyBP-C(t3SA)] were expressed at similar levels on a cMyBP-C null background. Force and
[Ca?*];, measurements in isolated papillary muscles showed that the increased force and twitch
kinetics due to increased pacing or 1-adrenergic stimulation were nearly absent in cMyBP-
C(t3SA) myocardium, even though [Ca2*];,transients under each condition were similar to WT.
Biochemical measurements confirmed that PKA phosphorylated ser273, ser282 and ser302 in WT
cMyBP-C. In contrast, CaMKII8, which is activated by increased pacing, phosphorylated ser302
principally, ser282 to a lesser degree, and ser273 not at all.

Conclusions—Phosphorylation of cMyBP-C increases the force and kinetics of twitches in
living cardiac muscle. Further, cMyBP-C is a principal mediator of increased contractility
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observed with p-adrenergic stimulation or increased pacing, due to PKA and CaMKII§
phosphorylations of cMyB-C.
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Methods

The force and kinetics of the cardiac twitch exhibit remarkable plasticity on a beat to beat
basis as a means for matching cardiac output to circulatory demand. Such demand-driven
inotropy is depressed in heart failure, causing the majority of symptoms in patients;
therefore, better understanding of the underlying mechanisms should lead to new approaches
for treating this disease. Cardiac inotropy has usually been understood to result from
alterations in Ca2* delivery to thin filament regulatory proteins during the myocardial twitch
or alterations in thin filament responsiveness to myoplasmic Ca2* as a consequence of post-
translational modifications of thick or thin filament accessory proteins. However, the
relative contributions of these mechanisms to cardiac function under resting conditions or
under stress, such as f1-adrenergic stimulation, are not known. The present study was
undertaken to determine the basis for cardiac inotropy in both to better understand this
phenomenon and to suggest mechanisms of reduced function in heart failure.

Here, measurements of force and intracellular Ca%* transients were done in intact ex vivo
myocardial preparations from either wild-type mice or mutant mice expressing a
phosphorylation-deficient form of the thick filament regulatory protein, cardiac myosin
binding protein-C (cMyBP-C). cMyBP-C binds to the thick filament! and represses myosin-
actin interactions and thereby slow cross-bridge cycling when an individual is at rest.2 Thus,
cMyBP-C may be a major modulator of cardiac inotropy. Previous studies of hypo-
phosphorylated cMyBP-C used skinned (i.e. removed cellular membrane) myocardium at
fixed concentrations of added calcium.3-8 The current study was undertaken to determine
the roles of cMyBP-C in regulating cardiac contractility in living myocardium in the context
of the time-varying Ca2* transient during the twitch. Measurements were done as a function
of increased stimulus frequency and in the presence and absence of f1-adrenergic
stimulation. The results, together with measurements of phosphorylation of other
myofilament proteins under these conditions, show that phosphorylation of cMyBP-C is the
predominant proximate mediator of both pacing-dependent and [3;-adrenergic-dependent
potentiation of force and contraction kinetics. Remarkably, replacement of phosphorylatable
serines in cMyBP-C with alanines blunted positive inotropic responses, even though the
expected phosphorylations of other myofilament proteins and the expected increases in the
amplitude and rates of the myoplasmic Ca2* transients were observed to occur in both WT
and mutant myocardium.

The experiments described here employed previously generated mouse lines in which non-
PKA-phosphorylatable cMyBP-C (ser273ala, ser282ala, ser302ala) [the cMyBPC-C(t3SA)
mouse] or WT cMyBP-C [the cMyBP-C(tWT) mouse] were expressed on a cMyBP-C null
background.* Expression levels in the lines used were 74% for cMyBP-C(t3SA) mice and
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72% for cMyBP-C(tWT) mice, referenced to cMyBP-C expression in non-transgenic WT
mice.# The protocols for animal care and use were approved by the Animal Care and Use
Committees of the UW School of Medicine and Public Health and Texas A&M Health
Science Center College of Medicine.

[Ca?*]i, and force were measured simultaneously in ex vivo intact papillary muscles to
assess cross-bridge interactions in the context of the [Ca2*];, transient during a twitch.®
Pacing frequency was varied and 1 uM dobutamine (1-adreneric agonist) was added to the
bath at to mimic B;-adrenergic stimulation. Fura-2 AM was used to assess [Ca2*];y.
Experiments were performed at room temperature to avoid rapid extrusion of Fura-2 AM
from myocardial cells that occurs at higher temperatures.® At room temperature, increasing
the pacing frequency from 1 to 3 Hz produced a positive force-frequency relationship much
like that observed when pacing frequency is increased from 1 to 7 Hz at 34°C.°

For measurements of cardiac function in vivo, echocardiography with tissue Doppler was
used to assess myocardial contraction and relaxation velocities. Echocardiography was done
using a previously developed protocol employing a VisualSonics Vevo-770 system with a
30 MHz probe.4

Isolated cMyBP-C(tWT) hearts were first subjected to Langendorf retrograde perfusion to
removing endogenous circulating catecholamines and establish baseline phosphorylation of
thick and thin filament proteins. Pacing frequency was increased and/or dobutamine was
infused to determine patterns of myofibrillar protein phosphorylation under these conditions.
Western-blotting with site-specific antibodies for cMyBP-C phosphorylations'® was done on
myofibrils from the perfused hearts to determine which phosphorylatable serines were
associated with the increased contractility due to increased pacing or B;-adrenergic
stimulation.

Recombinant full length WT cMyBP-C, recombinant CaMK26, and CaMK23 kinase
inhibitors were used to test whether CaMK28 mediates rate-dependent phosphorylation of
cMyBP-C.

Phosphoprotein staining (Pro-Q Diamond) and total protein staining (Sypro-Ruby) were
used to survey possible changes in phosphorylation of other myofilament proteins in
cMyBP-C(t3SA) and cMyBP-C(tWT) papillary muscles and hearts under each experimental
condition.

SPSS and R software were used to perform statistical analyses. The normality of a data set is
determined by having both a normal appearing histogram and non-significant Shapiro test
for normality. Normal data sets are analyzed by: an independent t-test when comparing two
lines; a repeated measure ANOVA for increasing pacing frequency from 1-Hz to 3-Hz; a
paired t-test for comparison between basal and post-dobutamine treatment; and ANOVA
with post-hoc Tukey-HSD for multiple comparisons between groups. Data sets that do not
have normal histrograms are analyzed by exact tests: a Mann-Whitney U test for two
independent samples; a Friedman's 2-way analysis by rank for repeated measurements for
increasing pacing frequency from 1-Hz to 3-Hz; and a Wilcoxon test for comparison
between basal and post-dobutamine treatment. For all analyses, the choice of either a
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parametric test or an exact test did not impact the conclusions. Whenever possible, data were
shown with Box-Whisker plots with the following percentiles: box-bottom 251, median
line-in-box, box-top 75, bottom-whisker 101" and top-whisker 90t

Initial experiments investigated the contributions of myofibrillar protein phosphorylations
and variations in [Ca2*];, to the positive inotropy associated with increased pacing
frequency or B1-adrenergic stimulation. For these measurements, experimental recordings of
force and [Ca2*];, during cardiac twitches are reported as force vs [Ca%*];, (Figure 1 to
allow direct comparisons of force or [Ca2*];, for each experimental condition. During a
pacing-triggered twitch, the [Ca2*];, transient rises to its maximum prior to the force peak
(Figure 1A), so that plotting force vs. [Ca2*];, yields a hysteresis loop due to the continuing
rise in force during the initial decline in [Ca2*];, from its peak (Figure 1B). The hysteresis
loop exhibits consistent phases: A to B, concordant rise, both force and [Ca2*];, increase; B
to C, discordant rise, force increases while [Ca%*];, decreases; C to A, concordant
relaxation, both force and [Ca2*];, decrease.?

Increasing the pacing frequency from 1 to 3 Hz substantially increased twitch force, i.e., the
Bowditch effect,!! in papillary muscles from cMyBP-C(tWT) hearts (Figures 2B,2C,2E).
However, the Bowditch effect was severely blunted in cMyBP-C(t3SA) muscles expressing
non-PKA-phosphorylatable cMyBP-C. Recordings of [Ca2*];, (Figures 2A,D) showed that
there were similar progressive increases in the amplitudes of the [Ca2*];, transients in the
two types of muscle as frequency was increased over this same range. Thus, the dramatically
reduced effect of increasing stimulus frequency on twitch force in myocardium expressing
phosphorylation-deficient cMyBP-C suggests that such phosphorylation is required for full
expression of the positive inotropy that characterizes the Bowditch effect. Conversely, any
direct activating effect on thin filaments due to the increased [Ca?™];, transients at higher
frequencies only partially increases peak twitch force in phosphorylation-deficient papillary
muscles.

Next, the 31-adrenergic agonist dobutamine was infused into the solution bathing the
papillary muscles. At a frequency of 3 Hz, dobutamine substantially further increased twitch
force in WT myocardium (Figures 2B, 2C, 2E), an effect that was nearly absent in cMyBP-
C(t3SA). In both instances, the [Ca2*];, transients were increased to a similar degree
(Figures 2A,2D). Thus, the fullest potentiation of twitch force due to a f1-agonist requires
phosphorylation of cMyBP-C and appears to include a much smaller component that is a
direct effect of the concomitant increase in the myoplasmic [Ca2*];, transient. Thus, the
increase in the myoplasmic [Ca2*];, transient due to dobutamine induced, on average, a
small increase in twitch force in cMyBP-C(t3SA) myocardium. This increase is likely due to
a direct activating effect of Ca2* binding to the thin filament.

For the Bowditch effect and 1-adrenergic stimulation, the mechanism of twitch potentiation
is thought to be increased activation of the myofibrils due to the increased amplitude of the
[CaZ*);, transient,12: 13 but our results above do not support this idea, implying that the
mechanism is much more complex. From our data, positive inotropy in tWT myocardium
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occurred primarily as a result of increases in the amplitude of the discordant rise segment
(Figures 2C,F), which has previously been suggested to involve a cooperative activation
process.914-16 |n contrast, cMyBP-C(t3SA) myocardium exhibited much smaller increases
in force with dobutamine or increased stimulus frequency despite increases in [Ca2*];, that
were similar to cMyBP-C(WT) myocardium. The depressed force responses in cMyBP-
C(t3SA) myocardium were associated with no significant increases in the discordant-rise
segment when pacing was increased (Figures 2C,F). Overall, the increases in amplitude of
[Ca?*];, transients accounted for a very small component of the positive inotropic responses
to increased pacing or dobutamine. Thus, phosphorylation of cMyBP-C appears to be the
predominant mediator of the force-frequency relationship and the inotropy due to a §1-
adrenergic agonist, doubtless due to increased numbers of force-generating cross-bridges.

cMyBP-C(tWT) muscles also exhibited pacing-dependent acceleration of relaxation (Figure
3A) that was virtually absent in cMyBP-C(t3SA) (Figure 3B). Dobutamine increased the
peak rates of force development (+dF/dt)max and relaxation (—dF/dt)min (Figure 3C) in both
WT and cMyBP-C(t3SA) myocardium, but these effects were much greater in WT. A
change in (+dF/dt)ax might account for a change in (—dF/dt)min simply as a result of the
corresponding change in peak force. Therefore, we used the ratio |(—dF/dt) minl/(+dF/dt) max
to assess the effects of inotropic stimuli on the kinetics of relaxation. Since |(=dF/dt)minl/
(+dF/dt)max is the ratio of peak relaxation rate to peak contraction rate, increases in |(—=dF/
dt)minl/(+dF/dt)max indicate acceleration of relaxation kinetics. Increased pacing frequency
accelerated relaxation in cMyBP-C(tWT) but not in cMyBP-C(t3SA) muscles (Figures
3A,B,D). Dobutamine did accelerate relaxation in cMyBP-C(t3SA) but to a lesser degree
than in WT (Figure 3D). The differing magnitudes of effects in the two mouse lines were not
due to differences in the intracellular Ca2* transients, since myocardium from both lines
exhibited similar increases in peak [Ca%*];, and similar acceleration of transient decay times
from peak to 50% maximal [Ca2*];, with either increased pacing frequency or dobutamine
(Figures 2A,2D,3E-3F). These results strongly suggest that phosphorylation of cMyBP-C
mediates the acceleration of relaxation by increasing the rate of cross-bridge cycling. This
complex observation is addressed in detail in a companion paper and is not considered
further here.

In vivo tissue Doppler echocardiography showed that cMyBP-C(t3SA) hearts exhibit slower
rates of contraction and relaxation and a depressed ratio of the rates of relaxation to
contraction in comparison to WT (Figure 4). Sa is the peak myocardial tissue Doppler
velocity during systole and Ea is the peak myocardial tissue Doppler relaxation velocity
during early diastole (Figures 4A,B). Sal is analogous to (+dP/dt)max and Eal8 is analogous
to (—dP/dt)min; therefore, Sa, Ea, and Ea/Sa are in vivo analogues of (+dF/dt)max, (—dF/
dt)min, and |(=dF/dt) minl/(+dF/dt)max measurements in papillary muscles. cMyBP-C(t3SA)
hearts exhibited depressed Sa, Ea, and Ea/Sa (Figure 4C,D), providing an in vivo correlate to
the depressed twitch kinetics observed in papillary muscles. Thus, the mechanistic insights
obtained at room temperature from intact papillary muscles apply to hearts in vivo. Also, the
phenotypes of cMyBP-C(t3SA) hearts in vivo correspond to the phenotypes of human heart
failure with preserved ejection fraction (HFpEF),19 i.e., a combination of preserved ejection
fraction and diastolic dysfunction (Figure 4F-K).
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Western blotting with site-specific phosphoantibodies1? revealed that Ser302 is the
predominant site of phosphorylation when pacing is increased, with no increase in
phosphorylation of Ser273, i.e., Ser302-P > Ser282-P > Ser273-P (Figures 5A-D). In
contrast, dobutamine resulted in robust phosphorylation of all three residues (Figures 5A—
D), indicating that the kinases mediating these phosphorylations differ for the two
interventions. Earlier studies showed that increasing the frequency of calcium pulses from 1
to 2.5 Hz activates CaMK2820 and that inhibition of CaMK2§ suppresses the
phosphorylation of cMyBP-C.° Thus, our results suggest that pacing-induced inotropy is
mediated by CaMK28 phosphorylation of cMyBP-C principally at Ser302. Consistent with
this, pharmacologic inhibition of CaMK25 depressed the pacing-induced increase in Ser302
phosphorylation (Figure 5E).

Further experiments confirmed that CaMK235 preferentially phosphorylates cMyBP-C at
Ser302. A bacterial expression system was used to produce unphosphorylated recombinant
cMyBP-C, which was then treated with recombinant CaMK28. This in vitro method for
assessing site specificity of phosphorylation precludes potentially confounding effects on
phosphorylation due to other endogenous kinases or basally phosphorylated cMyBP-C in
intact muscle. CaMK28 phosphorylated cMyBP-C at Ser302 within 15-30 seconds at [Ca?"]
comparable to in vivo diastolic [Ca?™];, (Figure 5G). The results from Langendorff perfused
hearts and in vitro studies indicate that CaMK238 phosphorylates cMyBP-C at Ser302 when
pacing frequency is increased, Ser282 to a much lesser degree, and Ser273 not at all, while
PKA phosphorylates cMyBP-C at all three serines during adrenergic stimulation.

Experiments were conducted in solution on full-length recombinant WT cMyBP-C to
explore the potential synergistic effects of CaMK28 and PKA when both are present.
CaMK26 and PKA were added both singly and in combination for a reaction time of 5
minutes. CaMK28 caused a greater amount of phosphorylation than PKA at Ser302, and
together, the combined kinases caused greater phosphorylation than either kinase alone.
Autocamtide inhibitory peptide (AIP), a specific inhibitor of CaMK28§, was added to the
kinase mixture, which reduced the effect of the combined kinases to the effect of PKA
alone. These results suggest that CaMK25 and PKA act independently: CaMK23 specifically
targets Ser302, while PKA targets all three but has a lesser effect on Ser302 than does
CaMK26.

Phosphoprotein staining showed no differences in the phosphorylation of other myofilament
proteins in WT and t3SA myocardium under each experimental condition. Myofibrils from
both mouse lines exhibited similar basal levels of phosphorylation of cardiac troponin-I
(cTnl), cardiac troponin-T (cTnT), and regulatory light chain (RLC) (Figure 6). Dobutamine
treatment increased cTnl phosphorylation to similar levels in both cMyBP-C(tWT) and
cMyBP-C(t3SA) myocardium (Figure 6). Therefore, the observed differences in functional
responses to dobutamine are not due to differential phosphorylation of myofibrillar
regulatory proteins other than cMyBP-C.

A cMyBP-C phosphorylation mimetic mouse was also generated to determine whether
replacement of the three PKA phosphorylatable serines with aspartic acid to mimic
constitutive phosphorylation would alter the responsiveness to increased pacing. cMyBP-C
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with Ser273D, Ser282D, and Ser302D was expressed on the cMyBP-C null background,
creating the cMyBP-C(t3SD) mouse. Increasing pacing from 1to 2.5 Hz in 0.5 Hz
increments yielded the unexpected finding of a positive force-frequency response in
cMyBP-C(t3SD) myocardium (Data Supplement Figure S1). The existence of additional
phosphorylatable sites could provide an explanation for a positive force/frequency
relationship in cMyBP-C(t3SD) myocardium.2! However, such a site or sites must not be
accessible in cMyBP-C(t3SA) myocardium since t3SA exhibits a severely depressed force-
frequency relationship, as reported here. Thus, it may be that the introduction of glutamates
induces conformational changes in cMyBP-C that are not observed in t3SA or tWT
myocardium. Other mechanistic interpretations involving cMyBP-C are possible and are the
subject of planned detailed investigations.

Discussion

The study was undertaken to determine the contributions of cMyBP-C phosphorylation in
relation to increased [Ca2*];, or post-translational modifications of other myofibrillar
proteins in mediating positive inotropy due to increased pacing or f1-adrenergic stimulation.
Both heart failure with reduced ejection fraction (HFrEF) and HFpEF exhibit reduced
inotropic reserve, which is evidenced by depressed inotropic responses to increased heart
rate and 31-adrenergic stimulation. Thus, elucidating the mechanisms of positive inotropy in
response to these physiological interventions may provide insights into the mechanisms of
dysfunction in heart failure and potential targets for therapeutic interventions.

The approaches employed to study mechanisms of inotropy utilized intact myocardium
expressing only non-PKA-phosphorylatable mutant cMyBP-C(3SA) or phosphorylatable
WT cMyBP-C(tWT), both to similar levels on a cMyBP-C null background. The key
findings are: (1) cMyBP-C(tWT) myocardium exhibited the expected steep force-frequency
relationship (the Bowditch effect);1! while cMyBP-C(t3SA) myocardium exhibited
dramatically smaller increases in twitch force when pacing frequency was increased; (2)
dobutamine increased twitch force in cMyBP-C(tWT) and cMyBP-C (t3SA) myocardium,
but the increase was significantly blunted in the latter; (3) for each experimental condition,
the amplitude and kinetics of the [Ca%*];, transient did not differ between cMyBP-C(tWT)
and cMyBP-C(t3SA) myocardium,; and (4) phosphorylation levels for myofibrillar proteins
other than MyBP-C were similar between cMyBP-C(tWT) and cMyBP-C(t3SA)
myocardium under each condition studied. Together, these results indicate that positive
inotropy due to the physiological interventions studied here is primarily mediated by
phosphorylation of cMyBP-C with a smaller component due to increased binding of Ca?* to
thin filament proteins secondary to increased [Ca2*];, under these conditions.

Based on different patterns of serine phosphorylation, the kinases mediating cMyBP-C
phosphorylation appear to differ for pacing-induced and [3;-agonist-induced inotropy. Here
we show that CaMK25 phosphorylation of cMyBP-C at Ser302 appears to be the primary
mechanism for pacing-induced inotropy, although Ser282 is also phosphorylated to a much
lesser degree. Activation of CaMK25 has previously been shown to contribute to the
Bowditch effect by increasing delivery of Ca2* to the myoplasm as a result of
phosphorylation of L-type Ca2* channels?2 23 and ryanodine receptors RyR2.24 An
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increased frequency of calcium pulses, similar to the transients in successive twitches, has
been shown to activate CaMK 25,20 and once activated, CaMK2§ can remain active even
despite a low average [Ca2*];,.20 These properties make CaMK2§ an ideal sensor for
increasing heart rate to affect inotropy. In our experiments, pacing induced cMyBP-C
phosphorylation at Ser302, while inhibition of CaMK25 decreased Ser302 phosphorylation.
Activated recombinant CaMK23 phosphorylated recombinant full length cMyBP-C at
Ser302 at low calcium (< 100 nmol/L) similar to [Ca2*];, during diastole in less than 30
seconds. Thus, our data suggest that cMyBP-C contributes to pacing-induced inotropy
through activation of CaMK28.

Although the present study has identified CaMK28 as the dominant mediator of cMyBP-C
phosphorylation at Ser302 as the proximate basis for the positive force/frequency response,
there are likely to be modulators of this mechanism in the heart in vivo. For example,
reactive oxygen species when present can activate CaMK28,2° and angiotesin-1128 or
aldosterone.2® In addition, protein kinase D (PKD) can phosphorylate cMyBP-C at Ser302.8
Regardless of the identities of upstream signals as additional modulators of Ser302
phosphorylation, the present results show that pacing or adrenergic agonist-induced
phosphorylation of Ser302 increases contractility.

Our conclusion that the force-frequency relationship in healthy myocardium is mediated by
CaMK2§ phosphorylation of cMyBP-C is consistent with earlier results,24 which showed
depressed force-frequency relationships in mice expressing mutant ryanodine receptors
(S2814A) that could not be phosphorylated by CaMK28. However, the mutant hearts in their
study showed a marked residual positive force-frequency relationship,2* unlike our results
showing near-elimination of the force frequency relationship when non-phosphorylatable
cMyBP-C is expressed. The residual force-frequency relationship in their experiments on
S2814A myocardium was associated with a significant residual increase in myoplasmic
Ca?* when pacing frequency was increased,?4 which presumably increased CaMK28
activity above basal levels and partially phosphorylated cMyBP-C. Conversely, they showed
that inhibition of CaMK25 in WT mice with KN93 almost completely eliminated the
positive force-frequency relationship,24 which is consistent with our finding that cMyBP-
C(t3SA) papillary muscles exhibited minimal positive inotropy when pacing frequency was
increased. In a different study, autocamtide inhibitory peptide inhibition of CaMK23
depressed the force-frequency response, decreased cMyBP-C phosphorylation, and did not
significantly change Ca2* transients in intact papillary muscles.® These results lend further
support to the idea that CaMK25 phosphorylation of cMyBP-C is a principal mediator of the
Bowditch effect. Our finding that the Ca2* transient increased similarly in cMyBP-C(tWT)
and cMyBP-C(t3SA) myocardium shows that the increased twitch force at higher pacing
frequencies in cMyBP-C(tWT) myocardium is due mainly to the phosphorylation of
cMyBP-C and to a much lesser degree the increased activation of the thin filaments as a
consequence of increased Ca?* binding to troponin.

Our results also show that the greatest part of cardiac inotropy due to B-adrenergic
stimulation is due to phosphorylation of cMyBP-C, presumably by PKA, at all three
phosphorylatable serines in the cMyBP-C motif, with only a small fraction of the inotropic
response associated with the increased delivery of Ca2* alone. This observation provides
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insight into the long-standing conundrum presented by the observation that p-adrenergic
stimulation increases twitch force despite a decrease in Ca2* binding affinity of troponin
when PKA phosphorylates cTnl,2 as well as an additive decrease in CaZ* sensitivity of
force due to phosphorylation of cMyBP-C.28 The net increase in force is due to
phosphorylation of cMyBP-C and the resulting increases in the rate of cross-bridge binding.
The observation that adrenergic inotropy is greater than pacing induced inotropy can be
related to the observation that PKA phosphorylation involves more serines, i.e., positive
inotropy appears to scale with the degree of phosphorylation of cMyBP-C.

Our results show that each cMyBP-C phosphorylation site can be phosphorylated
independently. Sadayappan, et al, have suggested that ser282 phosphorylation is in some
way permissive for ser302 phosphorylation,® which they determined by generating a
ser282ala mutant cMyBP-C. In contrast, our data show that ser302 is the residue
predominantly phosphorylated during increased pacing, suggesting that phosphorylation of
ser282 is not necessary for phosphorylation of ser302 in vivo, at least by CaMK23.
Copeland, et al, found that ser302 can be phosphorylated at levels ~3-fold higher than
ser28229 and Gresham et al, showed that PKA can phosphorylate both Ser273 and Ser302 in
the presence of a Ser282Ala mutation.5 Both studies provide further support of our
conclusion that phosphorylation of Ser282 is not permissive to phosphorylation at the other
two sites.

The relevance of these observations in isolated muscle to cardiac function was confirmed
with in vivo Doppler measurements showing that cMyBP-C(tWT) myocardium has a faster
contraction velocity (Sa), a faster relaxation velocity (Ea), and an increased Ea/Sa ratio
compared to cMyBP-C(t3SA) myocardium under basal conditions and during either
increased pacing or q-agonist stimulation. The combination of results showing that paced
ex vivo hearts exhibit predominantly Ser302 phosphorylation, that inhibition of CaMK25
decreased Ser302 phosphorylation, and recombinant CaMK23 robustly phosphorylated
recombinant full length cMyBP-C mainly at ser302 strongly supports our hypothesis that
activation of CaMK235 leading to phosphorylation of cMyBP-C mediates the positive force-
frequency response.

cMyBP-C(tWT) myocadium exhibited much greater increases in (+dF/dt)nax and (—dF/
dt)min than cMyBP-C(t3SA) in response to increased pacing frequency or dobutamine even
though peak calcium and calcium decay kinetics were similar in both muscle types in each
instance. Because of the absence of differences in the intracellular calcium transients, we
conclude that the differences in maximum rates of contraction and relaxation are due to
CaMK286 or PKA phosphorylation of cMyBP-C to cause faster cross-bridge cycling kinetics.
This conclusion is consistent with our prior study demonstrating that PKA treatment of
skinned myocardium from cMyBP-C(t3SA) mice does not accelerate cross-bridge cycling
kinetics.4

The more robust force-frequency and p1-adrenergic responses observed in cMyBP-C(tWT)
myocardium can be accounted for by effects of cMyBP-C phosphorylation to increase the
rate of myosin binding to actin and thus the number of strongly-bound cross-bridges.
Consistent with this idea, phosphorylation of cMyBP-C induces displacement of myosin
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toward actin,3%: 31 which would increase the probability of myosin binding to actin. cMyBP-
C binding to actin also appears to restrict structural torsion dynamics of thin filaments, an
effect that is relieved by phosphorylation of cMyBP-C.32 Either or both of these structural
changes have the potential to promote cross-bridge interactions and to increase the rate of
myosin binding to actin. Force can also increase due to enhancement of positive
cooperativity in the binding of myosin to actin. Initial Ca2* binding to troponin is thought to
drive tropomyosin (Tm) from a Tmpjgcked t0 @ Ty State in which cross-bridges bind
weakly to actin.33 The subsequent transition of cross-bridges from weakly to strongly-bound
states switches Tmg¢s to a Tmgy, State, a process that is accompanied by force development
and promotion of cooperative binding of cross-bridges to actin.33-35 The activation
dependence of the rate of force development has been proposed by some to manifest the
longer time taken at low levels of activation for the cooperative spread of cross-bridge
binding along the thin filament from the initial site of cross-bridge binding.38 Such a model
supposes that the rate of cross-bridge interaction is constant and maximal, so that force
development at low activation is slowed only by the relatively slow spread of cooperative
cross-bridge binding to the thin filament. In the present context, the dramatically reduced
inotropy in cMyBP-C(t3SA) myocardium was related to much lower forces generated in the
discordant rise segment of the force-[Ca2*];, loop, i.e., the cooperative phase of the twitch in
which force continues to increase despite declining [Ca2*];p.

While the present study shows clearly that phosphorylation of the phosphorylatable serines
within the M-domain of cMyBP-C has profound physiological effects, some care in
extrapolating these results to other systems or conditions is warranted. However, published
data showing positive force/frequency responses in mouse hearts under a wide range of
conditions lend confidence in the conclusions drawn here. The living papillary muscle has
intact membranes, calcium handling proteins, preserved myofilament lattice structure, and
plausible time courses of force and calcium during the twitch. Also, our earlier studies
showed that pacing papillary muscle at room temperature at 1-3 Hz yields the same overall
force frequency effects as pacing at 34°C and 1-7 Hz.? Rottman et al, have shown that
mouse hearts in vivo exhibit robust, positive force/frequency relationships from 150 to 700
BPM in both conscious and anesthetized mice.3’ Since pacing in our study overlaps the
lower range, it seems reasonable to conclude that our findings at room temperature are
broadly applicable to normal physiology.

Physiological differences can potentially limit the applicability of the present results from
mice to humans. Mice have much higher resting heart rates (350-600) than humans (60—
70),38 much smaller hearts with higher overall metabolism, and faster contractile protein
isoforms. An overarching consideration in the selection of mice for this study is the ability
to perform gene deletion and mutant gene expression in murine hearts, but studies in higher
animal models will be necessary to confirm the degree to which the mechanisms reported
here are also operable in the human heart.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel. Hysteresisin plotsof forcevs [Caz"]in during the cardiac twitch
(A) Upon stimulation, [Ca2*];, rises to a peak well before twitch force. (B) Plotting twitch

force vs. [Ca2*];, during the time progression of a twitch forms a hysteresis loop. Labels on
the loop indicate diastole, A; peak of [Ca2*];,, B; peak of twitch force C. The segments
formed between these points are described in the text.
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Figure 2. Phosphorylation-deficient cMyBP-C bluntsthe positive inotropic responsesto a B1-
agonist or increased pacing frequency

(A) Increased pacing frequency or dobutamine treatment cause similar increases in [Ca2*]i,
transients in cMyBP-C(tWT) and cMyBP-C(t3SA) myocardium. (B) Increased pacing or
dobutamine substantially increase twitch force in cMyBP-C(tWT) but not cMyBP-C(t3SA)
muscle. (C) Increased pacing or dobutamine causes much greater increases in the height of
hysteresis loops from cMyBP-C(tWT) myocardium, predominantly in the B to C discordant
rise segment. (D) Both mouse models exhibit similar increases in the amplitudes of [Ca?*];,
transients in response to increased pacing or dobutamine. (E) cMyBP-C(t3SA) muscle
exhibits depressed responses to increased pacing or dobutamine. However, both
interventions increase force in both mouse models. (F) cMyBP-C(tWT) myocardium
exhibits significant increases in the amplitudes of the discordant rise in response to either
increased pacing or dobutamine. With identical interventions, cMyBP-C(t3SA) myocardium
showed no significant changes in the discordant rise which is much less than cMyBP-
C(tWT).
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Figure 3. cMyBP-C phosphorylation acceleratesrelaxation
(A) cMyBP-C(tWT) myocardium exhibits acceleration of relaxation in response to increased

pacing or dobutamine, which is seen as increased (—=dF/dt)min/(+dF/dt)max in normalized
dF/dt traces. (B) cMyBP-C(t3SA) myocardium exhibits no change in (—dF/dt)/(+dF/
dt)max in response to increased pacing (upper arrow) but still exhibited a diminished increase
in (=dF/dt)min/(+dF/dt)max in response to dobutamine. (C) Increased pacing increased
absolute (+dF/dt)max for both lines. Increased pacing increased absolute (—dF/dt),, for both
lines, although the effect was much greater in cMyBP-C(tWT) myocardium. cMyBP-
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C(t3SA) muscles also exhibited much smaller values of absolute (+dF/dt)max and (—=dF/
dt)min at 3 Hz with or without dobutamine. (D) Increased pacing causes acceleration of
relaxation, seen as increased |(—dF/dt)min/(+dF/dt)max| Only in cMyBP-C(tWT). Dobutamine
treatment causes increased |(=dF/dt) min/(+dF/dt)max| in both mouse models, although the
effect was greater in cMyBP-C(tWT) myocardium. (E) Normalized [Ca%*];, transients show
that increased pacing or dobutamine accelerates the time course of [Ca2*];, decay similarly
in both mouse models. (F) Increased pacing causes similar decreases in the time from the
[Ca?*];, peak to 50% decay in both mouse models.
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Figure 4. cMyBP-C(t3SA) hearts exhibit hypertrophy, slower relaxation velocity, and diastolic
dysfunction
Sa is peak myocardial contraction velocity by tissue Doppler; Ea is peak myocardial

relaxation velocity during early diastole. Both lines exhibit similar basal heart rates
(cMyBP-C(tWT) 506+18 BPM, n=8; cMyBP-C(t3SA) 453+30 BPM, n=7). Dobutamine
treatment increased heart rates on both lines in similar fashion (cMyBP-C(tWT) 635+7
BPM, n=8; cMyBP-C(t3SA) 660+12 BPM, n=7) (A) In cMyBC-C(tWT) hearts, Ea > Sa.
(B) In cMyBP-C(t3SA) hearts, Ea<Sa. (C-E) cMyBP-C(t3SA) hearts exhibit slower Ea
resulting in depressed Ea/Sa (analogous to |(—dF/dt) min/(+dF/dt)max|). (F) Left ventricular
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inner diameters during diastole (LVIDd) are similar between MyBP-C(tWT) and MyBP-
C(t3SA) hearts. (G) cMyBP-C(t3SA) hearts exhibit increased LV posterior wall thickness,
indicating hypertrophy. (H,I) Both models show similar ejection fraction and fractional
shortening. (J) cMyBP-C(t3SA) hearts exhibit prolonged iso-volumetric relaxation time
(IVRT) in the basal state. IVRT was similar in both models when dobutamine was applied,
likely due to an increase in heart rate and a probable increase in left atrial pressure. (4K)
cMyBP-C(t3SA) hearts exhibited greater E/Ea (Doppler blood flow velocity across mitral
valve at early filling / tissue Doppler velocity at medial mitral valve annulus during early
filling) for all conditions, indicating persistent diastolic dysfunction.
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(E) Ex vivo Inhibition of CaMK2d
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Figure 5. CaMK 28 predominantly phosphorylates S302 during increased pacing
A cooled CCD camera was used to directly record chemiluminescence from Western blots.

(A) Hearts were surgically removed and then perfused on a Langendorff apparatus prior to
treatments indicated. A wild-type mouse was treated with dobutamine in vivo to provide
reference data. The western blot demonstrates that ser273, ser282, and ser302 are
phosphorylated in cMyBP-C(tWT) myocardium under basal conditions and with
dobutamine, which (as expected) is not evident in cMyBP-C(t3SA) myocardium. (B)
Western blots show that Ser302 is the residue predominantly phosphorylated during pacing.
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(C) Analyses of site-specific phospho-ser/cMyBP-C ratios show that pacing increased
cMyBP-C phosphorylation in the order Ser302-P > Ser282-P > Ser273-P, while dobutamine
treatment similarly phosphorylated all three residues. (D) P-ser/cMyBP-C ratios were
normalized to maximum phosphorylation due to dobutamine treatment of cMyBP-C(tWT)
hearts to eliminate the possibility that different sensitivities of the three site specific
antibodies would be a confounding factor. The normalized to maximum ((P-Ser/cMyBP-
C)pacing/(P-Ser/cMyBP-C)gobutamine) ratios confirmed that Ser302-P > Ser282-P > Ser273-P
with pacing. (E) Western blots were done on a separate set of Langendorff-perfused paced
hearts: control, CaMK23 inhibition with KN-93 (10 umol/L), and dobutamine treatment.
Using dobutamine treatment as the reference for maximal phosphorylation, KN-93
inhibition of CaMK26 reduced only Ser302-P. (F) Pre-activated recombinant CaMK26 was
mixed with recombinant cMyBP-C at a calculated final [Ca2*] of 12 nmol/L to study the
time course of phosphorylation at a low mean [Ca2*] mimicking diastole (see data
supplement for details). (G) Using PKA-treated recombinant cMyBP-C as the reference for
maximal phosphorylation, pre-activated CaMK28 phosphorylated ser 282 to 37 = 7% and
ser 302 to 53 £ 8% in 60s. In fact, CaMK23 starts to phosphorylate cMyBP-C immediately
upon mixing. Autocamtide inhibitory peptide (AIP) at 10 umol/L, a non-competitive
inhibitor of CaMK28, inhibited phosphorylation of cMyBP-C at all sites.
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Figure 6. Except for cMyBP-C, there are no detectable differencesin phosphorylation of
myofilament regulatory proteins by dobutamine treatment

Myofibrils were isolated from Langendorff perfused hearts for analysis of protein
phosphorylation; a metoprolol treated WT mouse heart was used for reference (WT+BB).
Metoprolol, a selective B;-adrenergic receptor blocker, was infused initially to minimize
phosphorylation of myofibrillar proteins. The ratio [(Pro-Q slope of experiment)/(Pro-Q
slope of WT+BB)]/[(Sypro-Ruby slope of experiment)/(Sypro-Ruby slope of WT+BB)] was
used to compare levels of phosphorylation. Unlike previous figures, 95% confidence interval
(CI) error bars are used instead of standard error of mean. Use of 95% CI error bar is
intended to provide easier visualization of significant differences instead of using multiple
characters to denote significant differences on multiple comparisons. Non-overlapping 95%
(CI) indicate statistically significant differences. (A) Pro-Q Diamond staining of
phosphorylated proteins showed that cTnT, cTnl, and RLC phosphorylation levels were
similar between cMyBP-C(tWT) and cMyBP-C(t3SA) hearts under comparable
experimental conditions. Staining with Sypro-Ruby verified that total myofibril protein
loading were similar for each mouse model and condition. (B) cMyBP-C phosphorylation
levels were not statistically different between the two mouse models under basal conditions.
Dobutamine increased phosphorylation of cMyBP-C in cMyBP-C(tWT) but not cMyBP-
C(t3SA) hearts. cMyBP-C is the only protein that showed significant interaction between +/
- dobutamine treatment and t3SA mutation. (C) cTnT phosphorylation levels were similar in

both mouse models. (D) Basal cTnl phosphorylation levels were similar under basal
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conditions, and dobutamine induced similar increases in cTnl phosphorylation in both
mouse models. (E) RLC phosphorylation levels were similar in both mouse models.
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