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Diastolic dysfunction is general to all idiopathic dilated (IDCM) and
hypertrophic cardiomyopathy (HCM) patients. Relaxation deficits
may result from increased actin-myosin formation during diastole
due to altered tropomyosin position, which blocks myosin binding to
actin in the absence of Ca?*. We investigated whether ADP-stimulated
force development (without Ca>*) can be used to reveal changes in
actin-myosin blockade in human cardiomyopathy cardiomyocytes. Car-
diac samples from HCM patients, harboring thick-filament (MYH7,,,.,
MYBPC3,,.v) and thin-filament (TNNT2,,.. TNNI3,,) mutations, and
IDCM were compared with sarcomere mutation-negative HCM
(HCMqp,,) and nonfailing donors. Myofilament ADP sensitivity was
higher in IDCM and HCM compared with donors, whereas it was
lower for MYBPC3. Increased ADP sensitivity in IDCM, HCMq,,,,, and
MYH7,,,+ Was caused by low phosphorylation of myofilament pro-
teins, as it was normalized to donors by protein kinase A (PKA)
treatment. Troponin exchange experiments in a TNNT2,,,, sample
corrected the abnormal actin-myosin blockade. In MYBPC3,,,,,c sam-
ples, ADP sensitivity highly correlated with cardiac myosin-binding
protein-C (cMyBP-C) protein level. Incubation of cardiomyocytes
with cMyBP-C antibody against the actin-binding N-terminal region
reduced ADP sensitivity, indicative of cMyBP-C's role in actin-myosin
regulation. In the presence of Ca®*, ADP increased myofilament
force development and sarcomere stiffness. Enhanced sarcomere stiff-
ness in sarcomere mutation-positive HCM samples was irrespective of
the phosphorylation background. In conclusion, ADP-stimulated con-
traction can be used as a tool to study how protein phosphorylation
and mutant proteins alter accessibility of myosin binding on actin. In
the presence of Ca?*, pathologic [ADP] and low PKA-phosphorylation,
high actin-myosin formation could contribute to the impaired myo-
cardial relaxation observed in cardiomyopathies.

hypertrophy | idiopathic dilated | ADP | three-state model |
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H eart failure (HF) is a syndrome clinically defined as the inability
of the heart to sufficiently supply blood to organs and tissues (1).
Systolic dysfunction is present in approximately one-half of the HF
population, whereas diastolic dysfunction is a common feature in
almost all HF patients (2). Moreover, in hypertrophic cardiomyop-
athy (HCM), which is caused by mutations in genes encoding thin-
and thick-filament proteins, impaired diastolic function is frequently
observed (3). Iml:z)ajred relaxation of the heart may be caused by hl%h
myofilament Ca”" sensitivity. This increased sensitivity for Ca”"
would result in residual myofilament activation at diastolic [Ca**],
which may delay the onset of ventricular relaxation and limit proper
filling of the heart. High myofilament Ca* sensitivity has been ob-
served in both acquired and genetic forms of cardiomyopathy (3, 4).
In human idiopathic dilated cardiomyopathy (IDCM), high myofil-
ament Ca”* sensitivity has been associated with reduced p-adrenergic
receptor-mediated phosphorylation by protein kinase A (PKA) (4).
Reduced PKA phosphorylation of cardiac troponin I (cTnl) and
cardiac myosin-binding protein C (cMyBP-C) increases myofilament
Ca”* sensitivity (5-8). Likewise, high myofilament Ca®* sensitivity is a
common characteristic of HCM and may be caused by the mutant
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protein or by reduced PKA-mediated protein phosphorylation sec-
ondary to HCM disease progression (3, 9).

Contractile performance of the heart muscle may thus be
perturbed by mutation-induced and phosphorylation-mediated
protein changes that affect thin-filament transitions. Ca®*-induced
cardiac muscle contraction is tightly modulated by the troponin—
tropomyosin complex that regulates the interactions between the
actin thin filament and myosin thick filament (i.e., cross-bridge for-
mation). Accordingly, the myofilaments oscillate between three
transitions termed the blocked (B-state), closed (C-state), and open
(M-state) states of thin-filament regulation that represent the distinct
position of tropomyosin on actin (10-12) (Fig. 1). In the absence of
Ca”" (B state), tropomyosin sterically blocks the myosin-binding sites
on actin (Fig. 14). Ugon electrical activation of cardiomyocytes, the
rise of cytosolic [Ca™] alters the conformation of the troponin—
tropomyosin complex, which moves tropomyosin on actin and ex-
poses myosin-binding sites (C state). Weakly bound cross-bridges
(myosin-ADP-Pi) populate the C state (10, 12) (Fig. 1B). Transition
to the M state involves release of inorganic phosphate (Pi) from the
cross-bridge and strong-binding cross-bridge formation (myosin-
ADP) that induces additional movement of tropomyosin, resulting in
myofilament contraction and sliding (Fig. 1C).

The three-state model of cross-bridge interaction implies that the
main task of Ca®" is to uncover myosin-binding sites on actin and
that formation of myosin-ADP represents the main regulator of
force development and contraction. Notably, solution (10) and cryo-
electron microscopy (13) studies have shown that in the absence of

Significance

Diastolic dysfunction is characteristic of patients with cardiomyop-
athy. Evidence indicates that diseased hearts show basal sarcomeric
activation capable of impairing diastolic performance. By activating
human cardiomyopathy muscle in ADP-containing solutions with-
out Ca”*, we showed that actin-myosin blockade is disrupted. This
may be caused by the presence of mutations and/or the reduced
phosphorylation of myofilament proteins. Our mechanistic study
supports the novel idea that protein kinase A-target phosphoryla-
tion and myosin-binding protein C regulate the OFF-ON transition
of the thin filaments. ADP increased myofilament force and stiffness
in the presence of Ca?* in cardiomyopathy samples, suggesting this
condition limits muscle relaxation through increased actin-myosin
interactions. We conclude that ADP-stimulated contraction can be
used to reveal conformational changes in the three-state model of
thin-filament activation.

Author contributions: V.S. designed research; V.S., A.N., and P.J.M.W. performed research;
C.G.d.R. and M.M. contributed new reagents/analytic tools; V.S., A.N., and P.J.M.W. ana-
lyzed data; and V.S., D.W.D.K., and J.v.d.V. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.
To whom correspondence should be addressed. Email: v.sequeiraoliveira@vumc.nl.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1513843112/-/DCSupplemental.

PNAS | Published online November 30, 2015 | E7003-E7012

wv
=
o
a
w
<
=
[

>
[\
=]
=
]
©n
>
-
o



http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1513843112&domain=pdf
mailto:v.sequeiraoliveira@vumc.nl
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1513843112/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1513843112/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1513843112

yd

v
ar

B-state
(-ca™)

A
OO0

B C-state
(+Cca™)
S e SO,
Ny ! weak’
C M-state
(+ca”)

Fig. 1. Three-state model of thin-filament activation. Seven actin monomers
(circles), spanned by one tropomyosin dimer (red strand), together with the
troponin complex (not depicted) comprise one functional unit (A;TmTn). Two
functional units are depicted, and individual myosins are shown as triangles
(weak, weak-binding cross-bridges; strong, strong-binding cross-bridges). (4) B
state (blocked); when ATP is present and cytoplasmic [Ca®*] is low and is not
bound to cardiac troponin C (cTnC), tropomyosin is sterically blocking the my-
osin-binding sites on actin. (B) C state (Ca**-induced); upon rise in cytoplasmic
[Ca®*], Ca®* binds to cTnC, inducing conformational changes of the troponin
complex, resulting in a ~25° movement of tropomyosin on the thin filament,
thereby exposing myosin-binding sites on actin. In the C state, the myofilament
is not yet activated as non-tension-generating cross-bridges bind weakly to
actin. (C) M state (myosin induced); the strong binding of tension-generating
cross-bridges induces a ~10° movement of tropomyosin on actin, resulting in
myofilament activation and contraction.

Ca®* the myofilaments are not entirely blocked, as ~5% of the thin
filaments have tropomyosin localized in the C-state position This
observation suggests that conditions that promote myosm -ADP
formation can trigger myofilament contraction in Ca**-free condi-
tions and thereby impair relaxation. Indeed, in membrane-per-
meabilized rabbit skeletal muscle fibers (14), bovine myocardium
(15, 16) and human cardiac muscle (17) millimolar levels of ADP
stimulate force development in the absence of Ca**

Because ADP-stimulated contraction is due to myosin-ADP
blndmg to the nonblocked sites of the thin filament in the absence of
Ca®*, it provides an experimental tool to assess changes in tropo-
myosms position in acquired and genetic cardiomyopathies in
which altered protein phosphorylation and mutant proteins may
alter myofilament activation. In addition, it could represent a
pathomechanism underlying the diastolic dysfunction seen in both
disease states. Solution studies with mutant troponin proteins,
which are known to cause HCM, showed a reduction in the B state
at low-Ca** conditions compared with wild-type troponin proteins
(18, 19). Mutation-induced irregularities in troponin—tropomyosin
interactions disrupt the B state and shift the thin filament to the C
state, increasing the avallable myosin-binding sites on actin.

In addition to Ca**-induced changes of the thin filament,
tropomyosin location may also be altered by the thick-filament
protein cMyBP-C. Recent evidence supzports that the N-terminal
extension of cMyBP-C binds the low-Ca™*-state (B-state) position
of tropomyosin on actin and interferes with tropomyosin—actin
interactions, dislocating tropomyosin into the C-state p0s1t10n (ie.,
the presence of cMyBP-C sensitizes the thin filament to Ca®") (20
21). Because it was previously shown that in Ca®*-free conditions
(B state) ~5% of the thin filaments (lacking cMyBP-C) have
tropomyosin localized in the C-state position (10), more myofila-
ments may be in the C state in the presence of cMyBP-C. We (22)
and others (23) have shown that cMyBP-C mutations, which are a
major cause of HCM, have a reduced level of healthy cMyBP-C
protein compared with nonfailing hearts (i.e., haploinsufficiency),
which may alter tropomyosin position on the thin filament.
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To verify whether ADP-stimulated contraction provides an ex-
perimental tool to assess mutation-induced and phosphorylation-
mediated changes in thin-filament transitions, which precede Ca**
activation of myofilaments, we tested the following hypotheses:
(¢) that IDCM and HCM samples with thin-filament mutations are
more sensitive to ADP, as a result of a higher accessibility of myosin-
binding sites on actin, whereas (i) cMyBP-C haploinsufficient HCM
myocardium has a reduced ADP sensitivity (i.e., less cMyBP-C
causes reduced displacement of tropomyosin from the B state)
compared with cells from nonfailing hearts. To answer our hypoth-
eses, we activated membrane—permeabihzed human cardiomyocytes
in ADP containing Ca**-free solutions. Cells were isolated from
HCM patients with mutations in genes encoding thick-filament
(MYH7, MYBPC3) and thin-filament (TNNT2, TNNI3) proteins and
patients with IDCM and compared with cells from sarcomere mu-
tation-negative HCM (HCM;,,,,,) and nonfailing donors. Finally, we
investigated whether the ADP level as observed in diseased hearts, in
the presence of Ca*, increases myofilament force development in
cardiomyocytes from human cardiomyopathy hearts.

We conclude that, in HCM with thin-filament mutations,
tropomyosin’s ability to block myosin-binding sites on actin is
reduced. This effect is exacerbated in HCM samples by the low
PKA phosphorylation of myofilament proteins, which is also
observed in human IDCM. In contrast, cMyBP-C HCM-causing
mutations reduce accessibility of myosin for actin. The findings
in this study provide evidence that ADP-mediated activation can
be used as an experimental tool to reveal mutation- and phos-
phorylation-mediated changes in tropomyosin location on the
thin filament.

Results

ADP Sensitivity in IDCM and HCM. To evaluate the accessibility of
myosin-binding sites on actin, force production of single membrane-
permeablhzed cardiomyocytes was measured at varying ADP con-
centrations, in the absence of Ca”*. Tissue samples from human
IDCM and HCM hearts were selected and compared with those
from nonfailing donors (Table S1). Typical tension tracings of single
cardiomyocytes from IDCM, MYH7 i, MYBPC31une, and TNNT2,,
samples at 2.2-um sarcomere length during ADP-maximal (10 mM)
and -submaximal (4 mM) activation are shown in Fig. S1. We
have previously shown that all IDCM and HCM samples, except
for the HCM TNNT2,,, sample, have lower phosphorylation of
PKA target proteins in the myofilament compared with donor
myocardium (4, 9). Fig. 24 shows that the phosphorylation level
of the PKA target protein c¢Tnl is lower in the IDCM and HCM
samples relative to nonfailing donor, which was set to 1. One ex-
ception is the homozygous TNNT2,,,« sample, which showed similar
cTnl phosphorylation as in donor myocardium. To determine the
effect of low myofilament phosphorylation, force—~ADP relations
were constructed for all samples before and after PKA treatment
(Fig. S1, Right). As shown in Fig. 2B, ADP sensitivity (denoted as
ECsp) was higher in IDCM and several HCM patient groups, in-
cluding MYH7ut, TNNT2 0, TNNI3 0y, and HCMyy,, Whereas it
was lower in MYBPC3,,,,« (missense mutations) and MYBPC3 e
(truncating mutations) compared with donors (Table S2). PKA
normalized ADP sensitivity to donor levels in IDCM, MYH7 ¢, and
HCMq,,, whereas TNNT2,, and TNNI3,,,,, remained more sensi-
tive to ADP (Fig. 2C and Table S2). Interestingly, after PKA,
MYBPC3 i and MYBPC3,,nc Were still less sensitive to ADP
than donor cells (Fig. 2C and Table S2).

These results indicate that PKA target phosphorylation of the
myofilaments reduces accessibility of myosin-binding sites on
actin in the absence of Ca®'. At baseline (before PKA adminis-
tration), the myofilaments from cardiomyopathy samples are more
sensitive to ADP activation, except for the low sensitivity to ADP of
MYBPC3,,,« and MYBPC3,n.. PKA phosphorylation normalized
sensitivity to ADP in IDCM, MYH7,,, and HCMy,,, suggesting
that any putative disruption of tropomyosin’s B-state position (and
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Fig. 2. (A) Idiopathic dilated cardiomyopathy (IDCM) and hypertrophic
cardiomyopathy (HCM) samples showed reduced phosphorylation of the
protein kinase A (PKA) target protein cardiac troponin | (cTnl) relative to
nonfailing donor, which was set to 1. Only the homozygous TNNT2,,
sample showed relatively high cTnl phosphorylation similar as observed in
donor tissue. Myofilament ADP sensitivity in IDCM and HCM cardiomyopathy
membrane-permeabilized cardiomyocytes. ADP sensitivity (ECso) before (B)
and after (C) PKA treatment in IDCM, HCM, and donor samples. Data were
compared using multilevel analysis. Detailed statistics, sample numbers, and
number of cardiomyocytes used are shown in Table S2. HCMy,,, sarcomere
mutation-negative HCM samples; MYBPC3,,,:, myosin-binding protein-C
(missense) mutations; MYBPC3yun, myosin-binding protein-C (truncating)
mutations; MYH7 ., myosin heavy-chain mutations; TNNI3,,,, cardiac tro-
ponin | mutation; TNNT2,,,,, cardiac troponin T mutation.

the greater accessibility of myosin-binding sites on actin) in these
samples may be due to the low baseline phosphorylation of PKA
target proteins.

cMyBP-C Regulates ADP Sensitivity. We (22) and others (23) have
shown that cMyBP-C truncating mutations lack the presence of
the smaller truncated protein, but have a lower total level of
healthy full-length cMyBP-C (i.e., haploinsufficiency). To assess

Sequeira et al.

whether the expression level of cMyBP-C in MYBPC3, ;. correlates
with ADP sensitivity [as cMyBP-C modulates thin-filament transi-
tions (20, 21)], cMyBP-C expression was determined. Total cMyBP-C
protein level (relative to tropomyosin) was 45 + 9% reduced in
MYBPC3yn. compared with controls (Fig. 34). To correlate
cMyBP-C level to thin-filament activation, the level of cMyBP-C per
sample was plotted against its ADP sensitivity value obtained after
PKA treatment (to normalize for differences in phosphorylation).
Indeed, we observed a strong correlation between cMyBP-C protein
level and ADP sensitivity (Fig. 3B), indicating that a reduction in
c¢MyBP-C diminishes the number of available myosin-binding sites
on actin (i.e., favors the B-state formation).

To confirm and provide the proof-of-concept that cMyBP-C in-
deed regulates thin-filament transitions via its N-terminal region,
IDCM samples were incubated for 90 min with an antibody that
binds the CO domain of cMyBP-C (the domain involved in thin-
filament binding). We expected that antibody binding to cMyBP-C
decreased cMyBP-C affinity for the thin filament. ADP sensitivity
was reduced after incubation with specific N-terminal cMyBP-C
antibody, suggesting that antibody competition for cMyBP-C
resulted in less cMyBP-C affinity for the thin filament and, hence, a
reduced accessibility of myosin-binding sites (Fig. 3C). Maximal
ADP-F, significantly reduced upon cMyBP-C N-terminal anti-
body incubation, whereas it did not affect passive tension (ADP-
Fu) (Table 1). To control for protocol artifacts (e.g., unspecific
antibody binding), another set of cardiomyocytes was incubated for
90 min with an antibody against the C10 domain of cMyBP-C
(domain involved in cMyBP-C anchoring to the thick filament) or a
control antibody (against nucleophosmin, a nucleolar protein). In-
creased responsiveness to ADP was found for the C10 antibody
associated with a small drop in ADP-F,,, whereas no alterations
in ADP sensitivity, maximal force, and ADP-F,,. were found using
nucleolar protein antibody (Fig. 3C and Table 1). These data sup-
port that the effects seen for the CO antibody were specific to the
N-terminal region of cMyBP-C.

Finally, haploinsufficiency was also reported in HCM with
MYBPC3 missense mutations (23), including the mutation in-
vestigated in our study (E258K). Indeed, samples with MYBPC3,,,,,¢
missense mutations in our study showed a 22 + 9% reduction in
c¢MyBP-C protein level compared with donors.

Correction of ADP Sensitivity in HCM with Mutant ¢TnT by Human
Recombinant Wild-Type Troponin. To evaluate whether mutant thin-
filament protein directly causes destabilization of the B state and
changes sensitivity to ADP, troponin exchange experiments were
performed in cardiomyocytes from the TNNT2,,,; sample. Because
the homozygous TNNT2,,, results in 100% mutant cTnT protein, it
provides the unique opportunity to control the amount of wild-type
human troponin complex incorporated. Exchange was performed
with 1 mg/mL wild-type human troponin complex and resulted in
85 + 2% troponin exchange based on Western blot analyses of en-
dogenous and myc-tag-labeled wild-type cTnT (Fig. 44). We have
previously shown that this protocol does not affect other sarcomeric
(phospho)proteins (8, 9). In exchanged cells without PKA treatment,
replacement of mutant troponin with recombinant unphosphorylated
wild-type troponin did not restore the ADP sensitivity (Fig. 4B, 3.16 +
0.16 mM ADP) to donor levels (Fig. 2B, 3.96 + 0.15 mM ADP).
Notably, PKA treatment in exchanged cells containing 85% wild-type
troponin complex restored ADP sensitivity (Fig. 4B, 4.16 + 0.24 mM
ADP) to donor levels that were PKA treated (Fig. 2C, 4.38 + 0.16 mM
ADP). Control TNNT2,,,; cardiomyocytes, in the presence of ex-
change buffer without wild-type troponin complex, showed similar
ADP sensitivity (Fig. 4B, 2.86 + 0.07 mM ADP before PKA and
298 + 0.05 mM ADP after PKA) as TNNT2,,, cardiomyocytes
without the exchange procedure (Fig. 2 B and C, 3.00 = 0.17 mM
ADP before PKA and 3.34 + 0.13 mM ADP after PKA). Together,
these results support that this specific cInT mutant protein disrupts
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Fig. 3. Cardiac myosin-binding protein C (cMyBP-C) regulates ADP sen-
sitivity. (A) cMyBP-C protein levels were assessed in MYBPC3,unc (n = 9)
and donor (n = 3) samples. Western blots were stained with specific an-
tibodies for total cMyBP-C and tropomyosin (loading control). No traces
of truncated c¢cMyBP-C proteins were found in MYBPC3ync Samples.
(B) Expression level of cMyBP-C was significantly lower in MYBPC3;,unc
than in donors. cMyBP-C protein levels from MYBPC3,ync samples were
plotted against their corresponding sample average for ADP sensitivity
[after protein kinase A (PKA) treatment]. (C) Single membrane-permeabilized
cardiomyocytes isolated from IDCM heart samples were incubated with
a specific cMyBP-C N’-terminal (mouse monoclonal) antibody, cMyBP-C
C’-terminal (rabbit polyclonal), or a control (mouse monoclonal) antibody
against nucleophosmin (antibodies used at 1:100 dilutions). Myofilament
ADP sensitivity (ECso) before (-) and after (+) treatment with cMyBP-C
antibody (N’ or C' ctMyBP-C ab) or nucleophosmin antibody (control ab).
Myofilament ADP sensitivity was significantly reduced after N’ cMyBP-C
ab treatment, but not after C' cMyBP-C ab or control ab. Data were
compared using paired-samples t test for each specific group of anti-
bodies. Eight to 11 cardiomyocytes from three to four failing heart
samples were used per group.
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tropomyosin’s B-state position on actin and, hence, is highly sus-
ceptible for ADP-activated myosin binding.

Physiological ADP Levels Increase Ca?* Sensitivity in IDCM and HCM.
We recently provided evidence that elevation of myocardial
ADP levels, even in the micromolar range, in the presence of
diastolic Ca*, contributes to diastolic dysfunction by increasing
residual actin-myosin interactions and elevating myofilament
Ca®* sensitivity (17). This leads to high cardiomyocyte stiffness
and abnormal relaxation, associated with limited ventricular
compliance (17). In HCM animal models, an increased [ADP]
was observed from ~60 pM in controls to ~100 pM in diseased
hearts (24-26). We therefore investigated whether an ADP level
as reported in diseased hearts (100 pM) in concert with Ca**
increases force generation in human membrane-permeabilized
cardiomyocytes from IDCM and HCM hearts compared with
nonfailing donor myocardium. Fig. 5 4 and B show normalized
force-Ca”* relations in the presence of 100 uM ADP, before
and after PKA treatment, for MYH7,,,,; and MYBPC3,,,,; samples.
In the presence of 100 uM ADP, myofilament Ca** sensitivity was
significantly higher in IDCM and HCM samples compared with
donors (Fig. 5C). Because we have previously demonstrated that
the high myofilament Ca** sensitivity in human cardiomyopathy
samples correlates well with the low phosphorylation of PKA
myofilament targets (4, 9), we repeated the measurements after
treatment with exogenous PKA. PKA treatment normalized the
high Ca** sensitivity in HCM with MYBPC3 and TNNI3
mutations and HCM,,,, whereas CaZ* sensitivity remained
higher in IDCM, MYH7 ., and TNNT2,,,,. samples (Fig. 5D). In
addition, we observed augmented sarcomere stiffness for all
sarcomere mutation-positive HCM samples evidenced by high
residual force compared with nonfailing donors (Fig. 5E). Re-
sidual force values in IDCM and HCM,,,, were similar to those
observed in nonfailing donor cells before and after PKA treat-
ment (Fig. 5 E and F). The increase in sarcomere stiffness sug-
gests an increased strain for each individual cross-bridge and/or
an enhanced number of actin-myosin interactions for HCM
samples with sarcomeric mutant proteins.

Discussion

In this study, we show that ADP-stimulated contraction can be
used as experimental tool to assess changes in thin-filament
transitions induced by sarcomeric mutations and phosphorylation-
mediated protein alterations. These mutation- and phosphorylation-
related changes in ADP sensitivity are explained by changes in
tropomyosin’s position and the number of accessible myosin-binding
sites on actin. In accordance with our first hypothesis, we show that
HCM cardiomyocytes containing troponin mutations have high ADP
sensitivity, irrespective of the phosphorylation background. High
ADP sensitivity was corrected to control values upon incorporation of
healthy troponin in HCM cardiomyocytes harboring a homozygous
TNNT2,,,. mutation. These data indicate that the troponin mutations
investigated in the present study disrupt the steric blockade imposed
by tropomyosin, which favors accessibility of myosin-binding sites on
actin. The high responsiveness to ADP observed in IDCM, MYH7, s,
and HCMy,, is, in this context, solely explained by reduced PKA
phosphorylation of myofilament proteins. This is consistent with the
idea that PKA phosphorylation of the myofilaments stabilizes the
B-state thin-filament formation, which reduces myosin-binding sites
on actin. Moreover, in agreement with our second hypothesis, HCM
samples with MYBPC3 mutations were shown to have less sensitivity
to ADP compared with cells from nonfailing hearts, in support for
the enhanced stabilization of the steric blockade of tropomyosin.
Finally, a pathophysiologic level of ADP elevated myofilament
Ca®* sensitivity in all disease samples. Furthermore, under these
conditions, high myofilament stiffness was observed in samples from
HCM patients with sarcomeric mutations. The high myofilament
Ca** sensitivity in the presence of ADP was corrected to control
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Table 1. Response of ADP-stimulated contraction with cMyBPC and control antibodies
Sample Before After ns
N’ cMyBPC ab (2.2 pm) N’ cMyBPC ab (2.2 pm)
IDCM n=4,n=11
ADP-F,, kN/m? 84+ 1.0 6.6 + 0.9*
ADP~Fpass, kKN/m? 0.36 + 0.1 033 +0.1
Nucleolar ab (2.2 pm) Nucleolar ab (2.2 pm) n=3n=8
IDCM
ADP-F,, kN/m? 93+ 1.1 9.0 + 1.0
ADP—Fpass, kN/m? 0.57 + 0.1 0.50 + 0.1
C' cMyBPC ab (2.2 pm) C' cMyBPC ab (2.2 pm) n=3,n=11
IDCM
ADP-F,, kN/m? 11.7+19 10.8 + 2.0
ADP—Fpass, kN/m? 1.5+ 0.3 1.2 +0.2%

Paired-samples t test. P < 0.05 was considered significant; *vs. before antibodies. C' cMyBPC or nucleolar
antibody served as controls for unspecific binding. ab, antibody; ADP-F,«, ADP total tension (10 mM ADP); ADP-
Fpasss ADP passive tension; cMyBPC, cardiac myosin-binding protein C; IDCM, idiopathic dilated cardiomyopathy;
N, number of samples; n, number of cardiomyocytes; 2.2-um sarcomere length.

values by PKA in all HCM samples, except for the samples with
MYH7 and TNNT2 mutations, whereas myofilament stiffness was
unaffected by PKA in all mutation-positive HCM samples. These
data illustrate the complex interaction between changes in protein
phosphorylation, Ca**, and ADP.

Overall, our data support the notion that increased actin-myosin
interactions during the diastolic phase may occur in environments
where the myofilaments are highly sensitized by the complex inter-
actions of low phosphorylation of PKA targets, elevated in vivo levels
of ADP and of diastolic Ca®*, which may limit muscle relaxation.

Modulation of ADP Sensitivity by PKA-Mediated Phosphorylation. We
showed that PKA-mediated phosphorylation of the myofila-
ments reduced the responsiveness to ADP, supporting the stabili-
zation of the B-state formation (Fig. 2C). In the intact heart,
regulation of [Ca®*]; transients is accomplished via sympathetic
stimulation of p-adrenergic receptors, which results in positive
inotropic (contraction), lusitropic (relaxation), and chronotropic
(frequency) effects (27). At the myofilament level, PKA main
targets are cInl, cMyBP-C, and titin. Multiple roles have been
assigned to increased PKA phosphorylation of myofilament pro-
teins, such as reduced myofilament Ca®* sensitivity, increased
length-dependent activation (cellular basis of the Frank—Starling
relation), and enhanced cross-bridge cycling kinetics via phos-
phorylation of ¢Tnl and cMyBP-C (5-8).

The reduced ADP sensitivity following PKA incubation implies
strengthening of the B-state localization of tropomyosin. There are
likely mechanisms, which may act synergistically, that could explain
this effect.

First, the reduction in ADP sensitivity may be explained by cTnl
phosphorylation. Two sites on c¢Tnl are known to be target of
PKA-induced phosphorylation in human, serines 23 and 24 (28,
29). Phosphorylation of these sites is associated with reduced Ca**
affinity of troponin C (¢cTnC) (30) due to structural changes
of ¢TnC that diminish its Ca*" affinity (31-33). Although cTnC
changes are likely sufficient to account for the reduction of myo-
filament Ca®* sensitivity upon PKA activation, they do not neces-
sarily apply to the present conditions where Ca”* is absent. It has
been shown that the C-terminal half of cTnl docks the troponin—
tropomyosin complex onto the outer domain of actin at low cyto-
plasmic [Ca®*] (34), thereby stabilizing the formation of the B
state. The reduced ADP sensitivity after PKA treatment likely
reflects potentiation of the inhibitory function of cTnl-tropomyosin
on actin as PKA decreases the affinity of cTnl for cTnC. The PKA-
mediated conformational changes would increase tropomyosin-
mediated blockade of myosin-binding sites on actin.
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Second, PKA-mediated phosphorylation of cMyBP-C may un-
derlie the observed reduction in ADP sensitivity. PKA phosphory-
lation of cMyBP-C occurs at the M domain where it interacts with
actin (35). It was shown that M-domain phosphorylation reduces
the N-terminal affinity of cMyBP-C for actin (36), consistent with
less activation of the thin filament (37). One can speculate that
c¢MyBP-C phosphorylation reduces competition between cMyBP-C
and tropomyosin on actin, and subsequently decreases the number
of myosin-binding sites on actin.

Modulation of ADP Sensitivity by the N’ and C’ Terminus of cMyBP-C.
In the heart, up to nine transverse stripes (half-sarcomere) of
c¢MyBP-C are observed in the C zone, where it is recently been
proposed to modulate myofilament activation (38). The C terminus
of cMyBP-C is important for proper localization and anchoring
onto the thick filament and the rod region of myosin (39, 40). The
N-terminal region has been shown to directly interact with actin in
in vitro studies (41, 42) and in situ 3D reconstructions, where it was
shown to regulate thin-filament transitions via direct competition
for the low-Ca®*—state (B-state) position with tropomyosin (20, 21).
Here, we provide further evidence for N-terminal cMyBP-C’s in-
teraction with tropomyosin by showing that cMyBP-C regulates
thin-filament transitions via its N-terminal region (Fig. 3C). Pre-
incubation of IDCM myofilaments with a N-terminal cMyBP-C
antibody is expected to decrease cMyBP-C’s affinity to bind and
compete with tropomyosin and shift it toward the C state. Indeed,
N-terminal cMyBP-C antibody preincubation decreased ADP sen-
sitivity in membrane-permeabilized cardiomyocytes, consistent with
less myosin-ADP binding to actin. In addition to its effect on the
thin filament, there is general agreement that cMyBP-C acts as
brake on myosin cross-bridge cycling (43-45). This effect is medi-
ated by the interaction of cMyBP-C’s N’ terminus (C1-C2) with
subfragment 2 (S2) of myosin (46), whereby cMyBP-C is able to
slow cross-bridge cycling kinetics. Interestingly, incubation of
membrane-permeabilized cardiomyocytes with specific antibody
binding to the C’ terminus of cMyBP-C increased the re-
sponsiveness to ADP (Fig. 3C). This might be due to allosteric
protein changes that translate their effects from the C-terminal
domain of cMyBP-C to its N-terminal region, which release part
of the brake on myosin.

Haploinsufficiency of cMyBP-C Reduces ADP Sensitivity of Myofilaments.
Our data indicate that loss of cMyBP-C full-length protein (ie.,
haploinsufficiency) in HCM with truncating cMyBP-C mutations
weakens cMyBP-C—tropomyosin interactions and results in a reduced
accessibility of myosin-binding sites on actin, evident from a reduced
ADP sensitivity (Fig. 2 B and C). This is consistent with the recent
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Fig. 4. Cardiac troponin T (cTnT) regulates ADP sensitivity. Endogenous
mutant cTnT in TNNT2,,,: cardiomyocytes was exchanged by exogenous
recombinant human wild-type troponin complex. TNNT2,. cells were in-
cubated with 1 mg/mL wild-type human troponin complex or without
troponin complex (control). (A) Quantification of troponin exchange in
cardiomyocytes from a TNNT2,,,; heart. Immunoblots stained with a spe-
cific antibody against cTnT that recognizes both endogenous mutant cTnT
(lower band) and recombinant myc-tag wild-type cTnT (cTnT-myc; upper
band). TNNT2,,,: without recombinant troponin complex (lanes 1 and 2;
control cells) and with 1 mg/mL recombinant wild-type troponin complex
(lanes 3 and 4). Exchange resulted in 85 + 2% troponin exchange based on
Western blot analyses of endogenous and myc-tag-labeled wild-type cTnT.
(B) Myofilament ADP sensitivity (ECso) before (=) and after (+) protein
kinase A (PKA) treatment. ADP sensitivity was significantly reduced after
PKA treatment in troponin-exchanged cardiomyocytes. No change in
myofilament ADP sensitivity was observed in control cardiomyocytes from
the TNNT2,,,,: heart. Data were compared using two-way ANOVA followed
by Bonferroni post hoc test. Four cardiomyocytes from one TNNT2,, heart
were used per group.

observation that the N-terminal region of cMyBP-C binds to the
low-Ca**—state position of tropomyosin (B state), which is suffi-
cient to interfere and compete with tropomyosin—actin interactions,
moving tropomyosin into the C-state position (20, 21). A schematic
picture is presented in Fig. 64 to illustrate that the loss of cMyBP-
C full-length protein weakens the overall cMyBP-C—~tropomyosin
interaction resulting in reduced accessibility of myosin-binding sites
on the actin filament in the absence of Ca*'. In contrast, the
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presence of cMyBP-C competes with tropomyosin for the B-state
position on actin and increases the accessibility of myosin-binding
sites on the actin filament (Fig. 6B). Reduced ADP sensitivity was
also observed in cMyBP-C HCM samples with missense mutations,
where loss of full-length protein may similarly decrease the avail-
ability of myosin-binding sites on actin. However, in these samples,
cMyBP-C poison peptide effects on muscle function cannot be
excluded. The mutant protein could directly interfere with cMyBP-
C-tropomyosin interactions. One can speculate that in particular
the E258K mutation [localized on the actin-binding site (47)] has
the potential to reduce its actin affinity and thereby alter cMyBP-
C-tropomyosin competition.

Increased Diastolic Actin-Myosin Interactions in cMyBP-C Haploinsufficient
Tissue. Although ADP responsiveness of myofilaments from HCM
with MYBPC3 mutations is reduced (Fig. 2B), myofilament sensitivity
to Ca** is increased in the presence of gathophysiological levels of
ADP (Fig. 5C). In the absence of Ca** and with low levels of
c¢MyBP-C, an increased pool of myosins is less restrained by cMyBP-C
at the thick-filament C-zone area. However, the myosin-binding sites
on actin are less accessible due to the higher steric blockade as a result
of reduced cMyBP-C—ropomyosin interactions (Fig. 64). Hence, fewer
actin-myosin interactions are formed. In the presence of Ca**, Ca**
binding to troponin causes the movement of tropomyosin on actin
and leads to the uncovering of myosin-binding sites. The reduced
restraining effect on myosin caused by the low levels of cMyBP-C in
combination with increased accessibility of myosin-binding sites on
actin cause an increased myofilament Ca®* sensitization. Based on
our findings, this suggests that even low levels of Ca®*, as those that
exist in vivo during the diastolic phase, are sufficient to increase ac-
tin-myosin interactions in HCM heart with MYBPC3 mutations and
may be capable of limiting relaxation during diastole. This is indeed
observed in cMyBP-C KO mice with a HCM phenotype, where cross-
bridge cycling is accelerated in membrane-permeabilized car-
diomyocytes (43, 44), consistent with impaired relaxation of intact
cardiomyocytes (48). Pohlmann et al. (48) observed that car-
diomyocytes with total cMyBP-C ablation contracted at very low
Ca®* levels and had lower diastolic sarcomere length, which was
associated with high actin-myosin interactions (i.e., diastolic length
was partially normalized to controls following addition of the cross-
bridge inhibitor BDM). This is also consistent with the augmented
sarcomere stiffness observed in MYBPC3 mutations (Fig. 5E) that
could not be rescued after PKA treatment (Fig. 5F). Although
counterintuitive with the findings in the absence of Ca®* (Fig. 2),
where cross-bridge formation is reduced, it likely reflects the complex
interaction of the factors discussed above, including thin-filament
accessibility and Ca®" responsiveness. Overall, the results support the
concept that cMyBP-C restrains actin-myosin interactions at low
Ca®* to allow complete relaxation and filling during diastole.

Troponin Mutants Increase ADP Sensitivity of Myofilaments. Here,
we provide evidence that mutations in troponin subunits may
increase the availability of myosin-binding sites on actin, illustrated
by higher myofilament ADP sensitivity (Fig. 2B). A schematic pic-
ture is presented in Fig. 6C to illustrate that more myosin-binding
sites are accessible due to the greater disruption of the B state
caused by troponin mutations. Notably, troponin exchange experi-
ments provide the direct proof that the endogenous mutant ¢TnT,
used in this study, impairs tropomyosin’s B-state position (Fig. 4B).
This is in good agreement with solution studies with reconstituted
HCM mutant troponin—tropomyosin proteins [in ¢Tnl (19) and
cTnT (18)] that support for a disrupted B state. The C-terminal half
of cTnl (residues 137-210) docks the troponin-tropomyosin com-
plex onto the outer domain of actin at low [Ca**] and thereby
maintains formation of the B state (34). It is likely that the present
cTnl mutation (R145W) disrupts cTnl-tropomyosin interactions,
which increases the availability of myosin-binding sites on actin.
Likewise, cTnT via its interaction with tropomyosin stabilizes the
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thin filament in the B state (49, 50), supporting that at least the
current cI'nT mutation may confer a greater availability of myosin-
binding sites on actin. Altogether, these findings indicate that mu-
tations in troponin proteins may disrupt the blockade of tropomy-
osin on actin, which precedes the rise of cytosolic Ca**, and are able
to augment actin—myosin interactions during the diastolic phase in
HCM patients.

Clinical Implications. Our study shows that the high basal sarcomeric
activation previously observed in animals and humans with HCM
(9, 51-53) with thin-filament mutations may be partly due to the
diminished steric blockade of myosin-binding sites on actin by
tropomyosin that precedes the rise in cytosolic Ca** (Fig. 2B). Our
data illustrate that this effect is exacerbated by the diminished PKA
protein phosphorylation in HCM and IDCM hearts (Fig. 2C). The
high myofilament Ca" sensitivity in patient samples with low PKA
phosphorylation in the presence of pathologic ADP levels (Fig. 5)
may be sufficient to slow ventricular relaxation. Additionally, sar-
comere mutation-positive HCM samples show augmented sarco-
mere stiffness, which is not caused by low PKA phosphorylation
(Fig. 5 E and F). The increased myofilament Ca®* sensitivity and
high sarcomere stiffness in the presence of ADP is in line with our
previous study, where we showed that the complex interactions of
Ca** and ADP increased myofilament Ca* sensitivity and stiffness
in membrane-permeabilized rat cardiomyocytes, limited restora-
tion of diastolic length in intact rat cardiomyocytes, and diminished
ventricular compliance in whole rat hearts (17). Altogether, these
myofilament changes have the potential to delay the onset of ven-
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tricular relaxation and limit proper filling, which are seen in patients
(54, 55) and animal models (51, 52) of HCM, and human IDCM (4).

Conclusion

We conclude that a rather straightforward activation assay with
ADP, in a membrane-permeabilized muscle preparation, can be
used to reveal conformational changes in the three-state model of
thin-filament activation induced by mutations and posttranslational
modifications such as phosphorylation. The ADP-stimulated con-
traction assay indicates that increased force at diastolic Ca** levels,
as observed in cardiomyopathies, involves increased cross-bridge
formation, and is not restricted to changes in Ca®*-binding affinity
of ¢cTnC. In addition, we show that pathologic ADP levels increase
myofilament Ca®* sensitivity and stiffness, which may together
contribute to the diastolic dysfunction seen in acquired and ge-
netics forms of cardiomyopathy in humans.

Methods

Myocardial Human Samples. Human left ventricular (LV) tissue was obtained
during open heart surgery from end-stage failing (n = 4; IDCM) and HCM pa-
tients. HCM heart samples harboring thick- and thin-filament gene mutations
were obtained during myectomy surgery to relieve LV outflow obstruction. Our
study included patients carrying heterozygous mutations in MYBPC3 (n = 13),
MYH7 (n = 3; MYH7 ), and TNNI3 (n = 1; TNNI3,,,4), and five HCM patients in
whom no mutation was found after screening of eight genes (sarcomere mu-
tation-negative HCM; HCM;,,,). The MYBPC3 group consisted of patients with
truncating (n = 10; MYBPC3y,n) and missense (n = 3; MYBPC3,,,,) mutations.
Data for these two MYBPC3 groups are presented separately. Tissue was also
obtained from one end-stage failing HCM patient carrying a homozygous
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TNNT2 mutation (TNNT2,,.). Specific gene mutation information of HCM pa-
tients is listed in Table S1. Heart tissue from four nonfailing donors served as
controls. IDCM and nonfailing donor samples were collected in cardioplegic
solution. Tissue was immediately frozen and stored in liquid nitrogen. Samples
were obtained after written informed consent, and the study protocol was
approved by the local ethical committee of the Institute for Cardiovascular
Research at the Vrije Universiteit Medisch Centrum. The investigation conforms
with the principles outlined in the Declaration of Helsinki (1997).

Experimental Solutions for Isometric Force Measurements in Membrane-
Permeabilized Cardiomyocytes. The composition of all solutions was calcu-
lated based on a computer program similar to that described previously (56). The
pH of all solutions was adjusted to 7.1 at 15 °C by KOH, and ionic strength was
adjusted to 180 mM with KCI. The relaxing solution contained 2 mM free Mg?*,
1 mM MgATP, 20 mM EGTA, 10 mM N,N-bis(2-hydroxyethyl)-2-amino-
ethanesulfonic acid (BES), and 14.5 mM phosphocreatine (PCr). ADP-activating
solutions contained 2 mM free Mg?*, 1 mM MgATP, 20 mM EGTA, 10 mM BES,
and MgADP in increasing concentrations from 1 to 10 mM. Nominal free Ca®*
was present. Ca*- activating solutions in the presence of 100 uM ADP consisted
of 2 mM free Mg?*, 1 mM MgATP, 20 mM EGTA, 10 mM BES, and free Ca®*
varied from 1 to 32 pM. PCr was omitted from the activating solutions to
preserve the MgADP/MgATP ratio. All force measurements were performed at
15 °C. We maintained [ATP] constant at 1 mM to avoid rigor cross-bridge for-
mation [reported to occur when [ATP] falls below 0.1 mM (57)].

Isometric Force Measurements. Small human cardiac tissue samples were
thawed in relaxing solution and cardiomyocytes were mechanically isolated
by tissue disruption as described previously (58). Cardiomyocytes were
membrane permeabilized by incubation for 5 min in relaxing solution con-
taining 0.5% (vol/vol) Triton X-100 and glued between a force transducer
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Cardiac myosin-binding protein C

] l mere) is 1.05 um (60, 61), which consists of a 38.5-nm
periodicity of the actin~tropomyosin-troponin (A;TmTn,
functional unit) complex (62, 63), i.e., each half-thin fil-
ament consists of 27 A;TmTn units (red and green
rectangular boxes depict functional units). The length of
the thick filament is ~1.63 pm. After subtracting the
thick-filament bare zone (M-band region that is de-
prived of myosin heads; 0.16 um), the thick-filament
length per half-sarcomere is ~0.74 pm (64). Because the
distance between myosin helical repeats is 42.9 nm (on
the same axis layer) (65), ~18 myosins occupy each half-
thick filament. (A) Solution studies indicate that ~95%
of the myofilaments in the free Ca®* state are blocked
(B state) in the absence of cardiac myosin-binding pro-
tein C (cMyBP-C) (10). This indicates that ~26 A;TmTn
units are blocked (depicted in red) and only a single unit
of A;TmTn is in the C-state position (depicted in green)
per half-thin filament. The single “C"-state functional
unit is randomly drawn in the scheme. This situation
parallels cMyBP-C truncating mutations, where reduced
total cMyBP-C protein levels have been found (22, 23).
Please note that for clarity no cMyBP-C is shown (i.e.,
mimicking full lack of cMyBP-C). (B) In the presence of
cMyBP-C, more myosin-binding sites are available on
actin, because the N-terminal extension of cMyBP-C
dislocates tropomyosin into the C-state position (20, 21)
(depicted as seven green functional units). Assuming
that cardiac muscle contains a minimum of seven
cMyBP-C at regular intervals of 43 nm starting from
“stripe” 5-11 in the C zone (215 nm from the M band)
(66), cMyBP-C would coincide with the second to third
myosin counting from the M band in the scheme. This
situation mimics healthy donor samples. (C) Mutations
in troponin subunits disrupt troponin-tropomyosin in-
teractions, which causes the thin filament to be less
blocked. As shown in the picture, more functional units
are in the C state.

and a piezoelectric motor. The sarcomere length of the preparation was
measured in relaxing solution and adjusted to 2.2 um. Average sarcomere
lengths were determined by means of a spatial Fourier transformation as
described previously (58). The force measurements started with a maximal
activation at ADP concentration of 10 mM (ADP-Fy.,). After a series of
seven activations at submaximal ADP concentrations, another measurement
was carried out at maximal ADP activation of 10 mM. Total ADP—force was
measured from the zero force value obtained from slacking the car-
diomyocyte to 70% of its original length within 1 ms, after the plateau of
force was reached. Force was corrected for myocyte deterioration by linear
interpolation between maximal force values. The intermediate results,
obtained at higher ADP values, were normalized to the interpolated maxi-
mal force values. The measurements were continued until a full ADP—force
curve was obtained. Cells were excluded from the study when the final force
measurement at maximal ADP was less than 80% compared with the first
maximal control measurement. To obtain passive force (Fpass), the car-
diomyocyte was slackened to 70% of its original length for 10 s in relaxing
solution by means of the piezoelectric motor from the initial sarcomere
length of 2.2 um. The decrease in force during this procedure equals the
passive force at 2.2-um sarcomere length. Active tension (ADP-F,4) was
calculated as Fact = Frotal — Fpass- Absolute tensions were normalized to car-
diomyocyte cross-sectional area and expressed as developed tension (in
kilonewtons per square meter). Similarly, Ca®>*—force measurements in the
presence of 100 uM ADP were determined as described previously (17). Re-
sidual force measurements, an indication of sarcomere stiffness, were
measured after a slack-restretch procedure at high Ca®* (32 pM) with
100 uM ADP as follows: after steady-state force was reached, cardiomyocytes
were shortened to 70% of their original length within 1 ms and then
restretched to the original length after 30 ms. Residual force was calculated
from the initial force recovery reached after the length change and normalized
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to each total steady-state force reached before length change. Mea-
surements are normalized to each corresponding total force as described pre-
viously (17). Finally, force measurements were performed following exogenous
PKA treatment of cells for 40 min at 20 °C in relaxing solution containing the
catalytic subunit of PKA (100 U per incubation; Sigma). To control for protocol
artifacts (e.g., incubation time, buffer solution), cardiomyocytes harvested from
failing hearts were incubated with PKA buffer solution but without PKA. No
statistical changes were observed between the absence (3.59 + 0.17 mM ADP)
and presence of PKA buffer (3.65 + 0.20 mM ADP).

Data Analysis Isometric Force Measurements. Ca®*- and/or ADP—force rela-
tions were determined by a nonlinear fit procedure using a modified Hill
equation using KaleidaGraph, version 3.6 (Synergy Software) as follows:

P(ADP)/P, = [ADP]™ / (K"” ¥ [ADP]””),

P(Ca“ — ADP) /Py = [Caz" — ADP| HH/(KnH+ [Ca2+ _ ADP]nH),

where P is steady-state force. P, denotes the steady isometric force at either
high [ADP] and saturating [Ca®*] with ADP, nH describes the steepness of the
relationship, and K represents the [Ca%*] and/or [ADP] at which force is half-
maximal (0.5 x Pg). Myofilament Ca** and/or ADP sensitivity is denoted
as ECsg.

Exchange of Recombinant Human Wild-Type Troponin Complex in Single
Cardiomyocytes.
Troponin exchange protocol. Troponin exchange was performed as described pre-
viously (8, 9). In brief, single cardiomyocytes from the TNNT2.,.: heart were
mechanically isolated by tissue disruption in ice-cold rigor solution (132 mM Nadl,
5 mM KCl, 1T mM MgCl,, 10 mM Tris, 5 mM EGTA, 1 mM Na-azide, pH 7.1).
Cardiomyocytes were membrane permeabilized by incubation for 5 min in rigor
solution containing 0.5% (volivol) Triton X-100. After permeabilization, car-
diomyocytes were washed twice with rigor solution followed by washing in ex-
change solution (10 mM imidazole, 200 mM KCl, 5 mM MgCl,, 2.5 mM EGTA,
1 mM DTT, pH 6.9). Next, single cardiomyocytes were incubated overnight at 4 °C
in exchange solution containing the appropriate concentration of recombinant
human wild-type troponin complex (1.0 mg/mL) with the addition of 4 mM CaCl,,
4 mM DTT, 5 p/mL protease inhibitor mixture (PIC; Sigma; P8340) and 10 pl/mL
phosphatase inhibitor mixture 2 and 3 (PhIC; Sigma; P2850, P5726) (pH 6.9). The
next day, cells were washed twice in rigor solution followed by washing in
relaxing solution.
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Recombinant wild-type cTnT contains a myc-tag, which allowed differenti-
ation between endogenous and recombinant cardiac troponin complex.
Proteins were separated on a 1D SDS/PAGE and blotted onto a nitrocellulose
membrane. A specific monoclonal antibody was used against cTnT (clone JLT-12;
Sigma) to detect endogenous and recombinant cTnT by chemiluminescence
(ECL; Amersham Biosciences) as described previously.

Myofilament Protein Phosphorylation and Levels.

Phosphorylation of cTnl. ProQ-Diamond-stained 1D gels were used to assess
phosphorylation of the myofilament protein cTnl as previously described (59).
Western blot analysis of cMyBP-C total protein. Total protein of cMyBP-C was
assessed using specific antibodies in Western blots (E-7; sc-137180; Santa
Cruz Biotechnology).

Incubation of Failing Cardiomyocytes with Specific cMyBP-C Antibodies. Single
cardiomyocytes from four IDCM samples were incubated for 90 min with a
1:100 dilution of either specific N’ cMyBP-C antibody (mouse monoclonal E-7;
sc-137180; Santa Cruz Biotechnology), C' cMyBP-C antibody (generously
provided by Sakthivel Sadayappan, Loyola University Chicago, Maywood, IL),
or an antibody against nucleolar protein nucleophosmin (mouse monoclo-
nal; sc-32256; Santa Cruz Biotechnology). The C' cMyBP-C antibody or nu-
cleolar phosphoprotein antibody (control antibody) served as the incubation
negative controls.

Statistical Analysis. Data analysis and statistics were performed using Prism,
version 6.0 (Graphpad Software) and SPSS, version 15.0 (IBM). Data are
presented as mean + SEM of all single cardiomyocytes per patient group
[eight groups, i.e., one IDCM group, the five HCM sarcomere mutation-
positive groups (HCM,,¢), HCMg,,, and nonfailing donor]. To take into ac-
count the repeated sample assessments within patient/donor groups,
multilevel analysis was performed as shown previously (9). Comparison be-
tween all groups was performed for ADP sensitivity and Ca>*—ADP sensitivity
at 2.2-pm sarcomere length before and after PKA treatment.

All data were tested for normality using the Shapiro-Wilk test. Normality
was assumed when P > 0.05 and the variances were equal. Paired-samples t
test was conducted when one variable was tested between two groups of
data. When more than one variable was tested in more than two groups, a
two-way ANOVA was conducted followed by a Bonferroni post hoc test if
significant differences were found. Each test is clearly specified in the tables
or figure legends. The level of significance was set at P < 0.05.
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