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Abstract

The role of cardiac myosin binding protein-C (cMyBP-C) phosphorylation in cardiac physiology or
pathophysiology is unclear. To investigate the status of cMyBP-C phosphorylation in vivo, we
determined its phosphorylation state in stressed and unstressed mouse hearts. cMyBP-C
phosphorylation is significantly decreased during the development of heart failure or pathologic
hypertrophy. We then generated transgenic (TG) mice in which cMyBP-C’s phosphorylation sites
were changed to nonphosphorylatable alanines (MyBP-CAIP-). A TG line showing ~40%
replacement with MyBP-CA!IP~showed no changes in morbidity or mortality but displayed depressed
cardiac contractility, altered sarcomeric structure and upregulation of transcripts associated with a
hypertrophic response. To explore the effect of complete replacement of endogenous cMyBP-C with
MyBP-CAIP~ the mice were bred into the MyBP-C() background, in which less than 10% of normal
levels of a truncated MyBP-C are present. Although MyBP-CA!P~ was incorporated into the
sarcomere and expressed at normal levels, the mutant protein could not rescue the MyBP-C(t)
phenotype. The mice developed significant cardiac hypertrophy with myofibrillar disarray and
fibrosis, similar to what was observed in the MyBP-C() animals. In contrast, when the MyBP-
C(UY mice were bred to a TG line expressing normal MyBP-C (MyBP-CWT), the MyBP-C(t")
phenotype was rescued. These data suggest that cMyBP-C phosphorylation is essential for normal
cardiac function.

Introduction

Understanding the structure-function relations for cardiac myosin binding protein-C (cMyBP-
C) is clinically relevant as cMyBP-C mutations are a widely recognized cause of familial
hypertrophic cardiomyopathy.l Various cMyBP-C transgenic (TG) and gene-targeted mouse
models have demonstrated the importance of the protein for long-term integrity of sarcomeric
structure and for maintaining normal cardiac contractility.zv3 Functional insight can be gained
from appreciating the crucial structural differences between cMyBP-C and the skeletal isoform.
Only the cardiac isoform contains an extra immunoglobulin domain at the N-terminus (CO0),
an insertion of 28 residues within the C5 domain, and three phosphorylation sites (Ser-273,
-282, -302) that are substrates for ;CAMP-dependent protein kinase A (PKA), Ca2*-calmodulin-
activated kinase (CaMKII) and protein kinase C (PKC).
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In vivo, PKA-mediated phosphorylation of cMyBP-C is linked to modulation of cardiac
contraction.4 Upon adrenergic stimulation, PKA phosphorylates Ser-273, -282 and -302,
whereas PKC phosphorylates only Ser-273 and -302.° These residues, located near the N-
terminus of the protein, are of 9articular interest as this region binds to the S2 segment of the
myosin heavy chain (MHC),67 which is close to myosin’s lever arm domain. It has been
hypothesized that cMyBP-C-MHC interactions are dynamically regulated by the
phosphorylation/dephosphorylation of cMyBP-C.8 In vitro experiments showed that after
ghosphorylation of cMyBP-C by PKA, the thick filaments exhibited a relative loose structure,

preventing binding to myosin, and thus changing the maximum Ca2*-activated force
(Fmax)- Electron microscopy of isolated thick filaments confirmed that phosphorylation of
cMyBP-C initiates crossbridge movement away from the thick-filament backbone, although
this interaction may also be determined by the MHC isoform that is present.10 In theory,
cMi/BP-C phosphorylation could change both filament orientation and contractile mechanics,
71 although cMyBP-C phosphorylation did not alter the Ca2* sensitivity of Mg2*-ATPase
activity in reconstituted contractile protein systems.lzv13 Additionally, phosphorylation of
cMyBP-C did not affect the Ca2* sensitivity of Mg2*-ATPase activity, force-Ca2* relationship
and sarcomere length dependency of contraction in intact skinned fiber experiments,ldﬁ15
suggesting that MyBP-C phosphorylation plays a relatively minor role in regulating
contraction. Given the above body of data, the role that cMyBP-C phosphorylation plays in
either normal or pathological cardiac function remains unclear.

We wished to determine if cMyBP-C phosphorylation played an essential role in the
maintenance of cardiac function. We first defined the phosphorylation status of cMyBP-C in
the normal and diseased heart and showed that significant changes occurred during
development of cardiac pathology. We then generated a TG mouse model in which the known
phosphorylation sites in cMyBP-C were converted to nonphosphorylatable alanines (MyBP-
CAlIP) and compared this model to amodel with comparable levels of TG expression of normal
cMyBP-C (MyBP-CWT). Both TG models were subsequently bred into the homozygous
cMyBP-C{t) background.3 The data establish that cMyBP-C phosphorylation is essential for
normal cardiac function.

Materials and Methods

An expanded Materials and Methods section can be found in the Online Supplement.

Transgenic and Targeted Lines

The cDNA for mouse cMyBP-C (MyBP-CWT) was obtained by RT-PCR using RNA isolated
from the mouse cardiac ventricle. The cMyBP-C phosphorylation sites (Ser-273, Ser-282,
-302), along with two adjacent sites that could be potentially phosphorylated (Thr-272,
Thr-281) were converted to alanine, and a sequence encoding the myc epitope incorporated as
described previously.2 The cDNA was subcloned into the mouse a-MHC promoter and used
to generate multiple lines of TG mice for each construct. To ensure the absence of endogenous
phosphorylatable cMyBP-C, mice showing germline transmission of the transgene, termed
MyBP-CAIIP~ were bred with mice that expressed less than 10% of normal cMyBP-C levels
(MyBP-C(9). The small amount of protein that is present in these animals is truncated and
unstable.3 An animal that expressed the normal cardiac isoform at equivalent levels to MyBP-
CAIIP- MyBP-CWT:2 was also bred to the nulls to serve as a control.

Molecular and Protein Analyses

For assessment of cMyBP-C transcript size, expression levels, and expression of hg/pertrophic
marker genes, RNA transcript and blot analyses were performed as described.2:18 Enriched
myofibrillar proteins were isolated using F60 buffer and solubilized in urea buffer.1’ MyBP-
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CAIIP= was identified via SDS-PAGE followed by western blots using anti-myc monoclonal
?gtibodies and anti-cMyBP-C rabbit polyclonal antibodies raised against the CO-C1 domains.

Phosphorylation and Isoelectric Focusing

Myofibrillar proteins were treated with phosphatase and PKA as described.1” One-
dimensional isoelectric focusing (IEF) was performed to identify the phosphorylated forms.18

Cardiac Function

In vivo cardiac function was assessed both by noninvasive echocardiography in unsedated or
sedated animals and by invasive catheterization.19

Results

Phosphorylation States of cMyBP-C in Normal and Heart Failure Mouse Models

As is the case for a number of other contractile proteins, cMyBP-C can be reversibly
phosphorylated at multiple sites in response to altered physiological conditions.20 However,
the in vivo phosphorylation levels of the protein under basal and stressed conditions are not
well defined. In order to understand the level of phosphorylation in the nontransgenic (NTG)
animals before we perturbed the cMyBP-C protein complement, cMyBP-C phosphorylation
under normal and stressed conditions was determined using IEF followed by westerns using a
cMyBP-C CO0-C1 motif specific antibody.18 Total enriched myofibrillar proteins were
extracted from unstressed, NTG adults, animals that had undergone transverse aortic
constriction (TAC) to produce pressure overload hypertrophy, animals in failure as a result of
cardiac specific expression of calcineurin, 21 MLP-deficient mice that develop dilated heart
failure,22 and animals that had been subjected to ischemia-reperfusion. Because the degree to
which cMyBP-C and its phosphorylated forms regulate cardiac function may depend, in part,
upon the MHC isoform that is present,23 we also determined cMyBP-C phosphorylation levels
ina mougée1 model in which we had replaced approximately 70% of the normal a-MHC with
B-MHC.

Under basal conditions, the mono-, bi- and tri-phosphorylated species of cMyBP-C made up
>90% of the cMyBP-C population (Figure 1A, lane 5). A B-MHC shift, in of itself, had no
effect on the normal phosphorylation pattern failure (Figure 1B, lane 8). In all of the models
in which cardiac function was significantly compromised by either surgical or genetic
manipulation, total cMyBP-C phosphorylation, particularly the triphosphorylated species, was
decreased (Figure 1A and 1C, Table 1S, Online Supplement). Invariably, in the animals that
displayed overt cardiac failure as determined by labored breathing, anasarca and failure to
groom, the tri-phosphorylated state was reduced or absent (Figure 1, lanes 4, 6, 7 and 12).
These data show that increased dephosphorylation of cMyBP-C is associated with contractile
dysfunction and heart failure.

Genetic Modulation of cMyBP-C

The phosphorylation motif of cMyBP-C is conserved among the human, mouse, chicken and
frog (Figure 2A). To investigate the role of cMyBP-C phosphorylation in relation to cardiac
function, we generated a construct (MyBP-CA!IP-) in which the three phosphorylation sites
(Ser-273, -282 and -302) and two neighboring potential alternative phosphorylation sites
(Thr-272 and -281) were altered to alanine (Figure 2A). Previously, we prepared a TG mouse
that expressed myc-tagged, normal cMyBP-C (line 21, MyBP—CWT),2 and mice that expressed
MyBP-CAlIP- at approximately the same level (line 262) were used along with NTG littermates
for comparison of transcript and protein levels for the MyBP-CA!IP~ mice (Figure 2B, 2C and
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2E). Despite the increase in transcript levels in both the MyBP-CAIIP~ and MyBP-CWT hearts
(Figure 2B and 2C), no absolute increase in the level of cMyBP-C was observed, nor were the
levels of the other contractile proteins overtly affected (Figure 2D and 2E).

To evaluate the level of MyBP-CA!P~ replacement and define the phosphorylation status of
cMyBP-C in the TG mice, cMyBP-C derived from NTG, MyBP-CWT and MyBP-CA!P~ hearts
were treated with either protein phosphatase or PKA and resolved in IEF gels for western
analysis. Cardiac MyBP-C treated with protein phosphatase migrated at a pl of 6.06, as
expected for the completely dephosphorylated species (Figure 2F). The introduction of the myc
tag did not result in a detectable difference in migration from the endogenous protein and the
dephosphorylated, endogenous form comigrated with MyBP-CAIP~ PKA treatment resulted
in essentially complete conversion of endogenous cMyBP-C to the di- and tri-phosphorylated
species and expression of MyBP-CWT had no effect on the overall levels of phosphorylation
(Figure 2F, lane 2). As expected, cMyBP-C isolated from the MyBP-CAIP~ hearts showed two
species when treated with PKA, the nonphosphorylated MyBP-CA!P~ (P0) and the
phosphorylated endogenous cMyBP-C (P2, P3), allowing us to estimate the degree of
replacement of the endogenous cMyBP-C with the transgenically-encoded species.
Approximately 40% replacement with the MyBP-CAIP~ occurred in line 262, which is
equivalent to the level of replacement previously measured in the MyBP-CWT-expressing
hearts derived from line 21.2

and Ultrastructural Consequences of MyBP-CAIIP~ Expression

The gross histology of 3 month MyBP-CAIIP~ hearts was unremarkable with no obvious
abnormalities, fibrosis, calcification or disarray compared to NTG controls (Figure 3A).
However, transmission electron microscopy revealed subtle ultrastructural changes. While
NTG hearts showed typical, well-organized and aligned sarcomeres with regularly distributed
mitochondria, sarcoplasmic reticulum, and T-tubules (Figure 3B, C), MyBP-CA!IP~ hearts
occasionally displayed regions that lacked the regular sarcomere-mitochondria distribution and
some sarcomeres showed altered H-zones and M-lines that were relatively ill-defined (Figure
3B, lower panel, Figure 3C, lower panels).

The lack of definition at the central part of the sarcomere is reminiscent of the altered
sarcomeres that were observed in mice in which cMyBP-C expression was ablated.3 To
confirm that MyBP-CA!IP~ was being incorporated normally into the sarcomere, we carried
out immunohistochemical analyses with both anti-myc and polyclonal anti-cMyBP-C-
antibodies. Both MyBP-CAlIP~and MyBP-CWT proteins were incorporated normally into the
sarcomere (Figure 3C).

Despite the subtle ultrastructural changes, no cardiac hypertrophy and/or dilation in the MyBP-
CAIIP= could be detected. The heart/body weight ratios did not significantly differ between
NTG (0.53 + 0.05, n = 8) and MyBP-CAIIP~ (0.60 + 0.05, n = 8; P <0.08) littermates at 3
months. However, we reasoned that the ultrastructural changes reflected a structural deficit
that might result in subtle alterations in the transcriptional patterns and indeed, found that 8-
MHC and atrial natriuretic factor (ANF) transcript levels, which can serve as sensitive
molecular markers for cardiac stress, were significantly increased in MyBP-CAIP~ hearts when
compared to either NTG or MyBP-CWT samples (Figure 3D and 3E).

Depressed Cardiac Function in MyBP-CA!'P= Mice

On the basis of the altered ultrastructure, we considered that partial replacement of cMyBP-C
with a nonphosphorylatable form might affect whole organ function. Cardiac function was
evaluated both noninvasively and by catheterization in the intact animals at 3 months. M-mode
echocardiography in unsedated animals showed that the MyBP-CA!lP~ animals had normal
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cardiac dimensions and function under baseline conditions (Table 2S, Online Supplement). As
cMyBP-C phosphorylation occurs in response to alterations in intracellular calcium levels
(activating calcium/calmodulin dependent kinase) and - adrenergic stress (activating PKA),
we reasoned that adrenergic stimulation might reveal a deficit in the MyBP-CAIP~ animals’
ability to respond to dobutamine. Hemodynamic load can be significantly altered via p-
adrenergic stimulation, activation of PKA and the subsequent phosphorylation of
phospholamban, cTnl and MyBP-C. Phosphorylation of cTnl and phospholamban leads to
increases in crossbridge cycling and enhanced relaxation but the role that cMyBP-C plays in
these processes, if any, is unclear. Cardiac function was assessed by in vivo catheterization
and dobutamine stimulation. The complete data are shown in Table 3S, Online Supplement.
At baseline in this model, we were able to detect significant differences in the basal LV end
systolic pressure (83.6 £ 1.0), dP/dtyax (6051.1 £ 241.5) and dP/dt, (—5541.1 £ 151.2) in the
MyBP-CAIP~ hearts, compared to the NTG and MyBP-CWT groups. The MyBP-CA!P~ hearts
had decreased contractile performance (peak dP/dtmay) at maximum dobutamine stimulation,
suggesting that a lack of cMyBP-C phosphorylation inhibits maximum contractility. To
confirm that these changes were not due to compensatory phosphorylation of the other
contractile proteins, such as the myosin light chains, the phosphorylation status of these
proteins was examined using 2-dimensional electrophoresis and found to be unchanged in the
MyBP-CAIP~ mouse hearts (Figure 1S, Online Supplement).

MyBP-CAllP= Fails to Rescue the MyBP-Ct) Phenotype

The data indicated that partial replacement with a nonphosphorylatable cMyBP-C led to both
structural and functional deficits. If phosphorylatable cMyBP-C serves an essential function
in the heart, complete replacement of endogenous cMyBP-C with MyBP-CAIP~ should lead
to significant functional deficits or even death. To test this hypothesis, line 262 was bred with
MyBP-C( 3 which should result in a homogenous complement of MyBP-CA!IP~ as MyBP-
C(U) produces only a small amount of protein that is truncated and nonfunctional. The MyBP-
CWT line was also bred to MyBP-C("V) in order to confirm that a transgenic strategy could, in
fact rescue the MyBP-C() phenotype. Northern and dot blot analysis confirmed robust
expression of both MyBP-CWT and MyBP-CAIIP~ in the MyBP-C(¥) background (Figure 4A).
SDS-polyacrylamide gel electrophoresis (Figure 4B) and western blot analysis (Figure 4C)
using both anti-myc and anti-MyBP-C antibodies demonstrated the absence of cMyBP-C in
MyBP-C) hearts and the presence of MyBP-CWT and MyBP-CAP~ in the MyBP-C(¥1)
background, at approximately the levels observed for the endogenous protein in NTG hearts.
IEF was subsequently performed on untreated, PKA-treated and phosphatase-treated samples
in order to define the phosphorylation states of the total cMyBP-C complement in the mice
and confirmed that MyBP-CAIP~ “replacement” in the MyBP-C(t/) background was complete
(Figure 4D).

The MyBP-C) mice have been characterized previously.3 The homozygous animals are
viable but soon after birth display a progressive dilated cardiomyopathy. Myocyte hypertrophy,
disarray, fibrosis and calcification are observed and these progress as the animals mature. The
effectiveness of MyBP-CWT expression in preventing re-activation of a fetal transcription
program was underscored by the lack of B-MHC expression, which serves as a sensitive marker
for a nascent hypertrophic response (Figure 4E).

TG expression of MyBP-CWT also effectively rescued the overt hypertrophy displayed by the
MyBP-C(Y) hearts. In contrast, equal levels of MyBP-CAIIP~ expression did not rescue the
MyBP-C() induced hypertrophy (Figure 5A). The MyBP-CAIP=:(t) and MyBP-C(t'Y) mouse
hearts showed markedly enlarged chambers with significant cardiac hypertrophy and myocyte
disarray, as compared to the NTG and MyBP-CWT:(t't) mice (Figure 5B). Light microscopic
analyses showed pathology typical of cardiac hypertrophy in both the MyBP-C(t') and MyBP-
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CAIIP=() ventricles, while the MyBP-CWT-() derived sections appeared normal (Figure 5C
and 5D). Heart/body weights in the MyBP-C(t') and MyBP-CAIP~(t") mice were significantly
elevated while, in contrast, the values derived from the MyBP-CWT-(") mice were essentially
normal, confirming the absence of physiological hypertrophy (Figure 5E).

Ultrastructural analysis showed the expected lack of M-band definition in the MyBP-C(tt)
sarcomeres, as described previously in this model.3 In contrast, regular A- and I-bands and M-
lines in both the MyBP-CAIP=:(') and MyBP-CWT:(') compared to MyBP-C(') sarcomeres
were apparent (Figure 6A). To confirm correct incorporation of MyBP-CA!P~ and MyBP-
CWT in the MyBP-C(t') background, we performed immunohistochemistry with both cMyBP-
C and myc antibody. As expected, cMyBP-C was absent in the MyBP-C) hearts but each
transgenically-encoded species showed the expected pattern of incorporation at approximately
equal levels (Figure 6B).

The inability of MyBP-CAIIP~ to rescue the MyBP-C) phenotype was confirmed at the
functional level. M-mode echocardiography showed the MyBP-CA!IP=(t/t) and MyBP-C(t/)
mice had increased LV end diastolic and systolic end dimensions as well as reduced fractional
shortening while normal shortening fractions were observed in the MyBP-CWT-("!) hearts
(Figure 7A, Table 1). Although both MyBP-CA!IP~ and MyBP-CWT incorporate normally into
the sarcomere, MyBP-CWT expression appears to be able to rescue the MyBP-C{) phenotype
while MyBP-CA!IP= cannot. To define this more completely, we looked for activation of the
fetal gene program in these mice as up-regulation of ANF, BNP, B-MHC and skeletal a-actin,
and down-regulation of a-MHC, phospholamban (PLN) and the sarcoplasmic reticulum
Ca2* pump (SERCA) often serve as sensitive markers for hypertrophy or cardiac stress.2® The
data illustrate the completeness of the rescue as no differences, even at the molecular level,
were detected between the NTG and MyBP-CWT:("%) groups (Figure 7B and 7C). In contrast,
ANF, B-MHC, BNP, skeletal a-actin were upregulated while a-MHC, PLN, and SERCA were
significantly down-regulated in both the MyBP-C() and MyBP-CAIP—:(¥) groups (Figure 7B
and 7C), a pattern consistent with compromised cardiac function.

Discussion

Heart failure is associated with diminished B-adrenergic responsiveness, loss of cardiac
contractility, abnormalities in Caz’“-handling%’27 and altered contractile protein
phosphorylation.l&28 Although cMyBP-C is extensively phosphorylated under basal
conditions, it becomes dephosphorylated during the development of heart failure or
pathological hypertrophy with the tri-phosphorylated form largely or completely absent in the
advanced stages of heart failure (Figure 1). This phenomenon appears to be relatively
independent of the type of cardiac stress as pressure overload, ischemic-reperfusion injury and
various genetic alterations in the cardiac machinery all resulted in significantly decreased
phosphorylation. Basal levels of cMyBP-C phosphorylation may be necessa[/y for maintaining
thick filament orientation, dynamic regulation and contractile mechanics, %711 and
compromised phosphorylation patterns almost certainly reflect alterations in these cardiac
parameters. Protein phosphatase activities appear to be increased in heart failure,29 and this
increased activity, along with decreased B-adrenergic responsiveness during heart failure, may
be responsible for the decrease in cMyBP-C phosphorylation.

We next addressed whether altered cMyBP-C phosphorylation patterns could actually cause
cardiac disease. Mice in which approximately 40% of the endogenous cMyBP-C was replaced
with MyBP-CAllP~ appeared overtly normal. However, ultrastructural analysis did show subtle
alterations at multiple foci, consistent with the hypothesis that normal cMyBP-C
phosphorylation levels are needed to maintain normal myofibril structure.18 These mice also
showed up-regulation of transcripts usually associated with a nascent hypertrophic response

Circ Res. Author manuscript; available in PMC 2006 May 25.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sadayappan et al.

Page 7

and invasive catheterization showed that contraction and relaxation were significantly
decreased. Rapid and reversible changes in thick filament structure and ordering of myosin
heads can be produced in cardiac muscle by changes in the degree of cMyBP-C
phosphorylation,lov30 and these changes in structure are accompanied by changes in force
production.31 Cardiac MyBP-C and its phosphorylation state may play an important role in
determining thick-thin filament interaction, with the force of contraction and time to half-
relaxation dependent upon the C1-C2 domains’ phosphorylated state. 410,32 while it is not
clear that dephosphorylated cMyBP-C directly causes cardiac disease, our data suggest that
cMyBP-C phosphorylation patterns can have a significant effect on whole heart function and
compromise cardiac hemodynamics.

The inability of MyBP-CAIP~ to rescue the MyBP-C() phenotype is consistent with the
hypothesis that cMyBP-C phosphorylation is essential for normal cardiac function. Strikingly,
equivalent TG expression of MyBP-CWT effectively rescued the MyBP-C(¥) mice, resulting
in restoration of normal morphology, preventing activation of the fetal gene program and
resulting in normal cardiac hemodynamics (Table 1). Both MyBP-CA!P~ and MyBP-CWT
appear to incorporate normally into the sarcomere yet only the phosphorylatable form is
effective in suppressing the MyBP-C() phenotype. In addition to cMyBP-C’s structural roles,
32 and ability to bind to titin, 3 phosphorylation of cMyBP-C extends the crossbridges from
the backbone of the thick filament, changes their orientation, increases the degree of order of
the crossbridges, and decreases crossbridge flexibility.23’31’34'35 While our data do not
address crossbridge mechanics directly, it is clear that the mutant cMyBP-C is present in the
sarcomere in a pattern that is indistinguishable from normal protein, but appears to lack some
critical function necessary for maintaining the overall sarcomere architecture as manifested by
the alterations observed in the sarcomere-mitochondrial spatial relationships. Further studies
utilizing these mouse models should provide valuable insight into the mechanical consequences
of cMyBP-C phosphorylation.
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Figure 1.

Cardiac MyBP-C phosphorylation levels in normal and pathological states. A, One dimensional
IEF (pH 5- 7) of total myofilament proteins followed by western blot analysis using cMyBP-
C antibody. 18 proteins were obtained from the following samples: (lane 1) hearts that had
undergone sham operation for TAC, 24 hours. (lane 2) 24 hours post-TAC. (lane 3) 18 day
sham. (lane 4) 18 day post-TAC. (lane 5) a NTG control. (lane 6) 8 weeks old calcmeurln TG
mouse. (lane 7) 7-8 months old MLP deficient mouse. (lane 8) a B-MHC TG mouse.2 (Iane
9) Ischemic reperfusion (IR), 24 hours sham. (lane 10) 24 hours post-IR. (lane 11) 5 day post-
IR sham. (lane 12) 5 day post-IR. The four forms of cMyBP-C based on its phosphorylation
status are shown as PO, P1, P2 and P3, which correspond to the de-, mono-, bi- and tri-
phosphorylated forms, respectively with isoelectric points of 6.1, 5.9, 5.7 and 5.5. B, MHC
isoform shifts. Using the samples from panel A, the a- and B-MHC isoforms were separated
in a 5% glycerol gel. The data show the expected isoform shifts characteristic of activation of
the fetal gene program in the disease models (lanes 4, 6, 7 and 12). C, cMyBP-C
phosphorylation in cardiac disease. Samples are as in panel A and average values are shown
as a percentage of total cMyBPC (n = 3). The quantitative data are shown in tabular form in
Table 1S, Online Supplement.

Circ Res. Author manuscript; available in PMC 2006 May 25.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Sadayappan et al.

Page 11

Myosin (LMM)
Actin  Myosin (S2) Titin
<> +—> < >
A _ A-band incorporation

Human cardiac 271 - FRRTSLAGGGRR------ ISDSHEDTGILDFSSLLEKRDSFRTP---RD-SKLE
Mouse cardiac 269 - FRRTSLAGAGRR----—-- TSDSHEDAGTPDFSSLLKKRDSFR————— RD-SELE
Chicken 250 - FRRTSLAGGGRRMTSAFLSTEGLEESGELNFSALLKKRDSFLRTANRGD-GESD
Xenopus 276 - FRRTSLVGAAKRRVSIAFSGDGTEEAGELDFSALLKKRDSFLRSVNRNE-PKQG
MyBPC-Al1P- 269 - FRRAALAGAGRR————=- AADSHEDAGTPDFSSLLEKRDAFR———-- RD-SKLE
B MyBPCAIP- D MyBPCAIP-
M  WT NTG 45 262 272

WT NTG 45 262 272

250k “H!HH MYOS"']
MyBP-C 150k “ MyBP-C

100k —
75k -
' - . . GAPDH 51\
. Acti
: W —— . chn
C.ﬁ...MyBPCSﬂ‘- .
a-Tm
® ® & @ ® caroH
Tnl
F Control PKA Phosp -l E——— MLC1
NTG WT AlP- NTG WT AlP- NTG WT AlIP-
pI7O _u HUUUPO E — S - = G ||,BP-C
Vot — - = - P1 — S B —TYC
(W] RV —_— P2 P —————— /]
pl 5_0-— e ——— P3
Figure 2.

MyBP-CAlIP~ transgene expression. A, Schematic diagram of cMyBP-C. The eight Igl-like
domains are shown as ovals and the three F3 domains as octagons. Interaction sites are shown
above the diagram. The cardiac-specific phosphorylation motif, which is highly conserved
between species, is located between domains C1 and C2 and the sequence shown. The three
known phosphorylation sites (Ser-273, -282 and -302) and two potential alternative
phosphorylation sites (Thr-272 and -281) were each altered to a non-phosphorylatable alanine.
B, Northern blot analyses of RNAs from left ventricles derived from 8-12 week old MyBP-
CWT, NTG and three lines of MyBP-CAIP~ mice. The RNAs were hybridized with cMyBP-C
and GAPDH probes to confirm expression of the intact and correctly sized transcript. C, Dot-
blot analyses using the same RNAs and probes as in panel B were used to quantitate the levels
of TG expression. D, Western blot analyses of myofibrillar proteins from NTG, MyBP-CWT
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(WT); expresses TG normal cMyBP-C such that apgroximately 40% of the endogenous protein
is replaced with the transgenically encoded protein“ and three MyBP-CA!IP~ (lines 45, 262 and
272) hearts. Note the conservation of normal levels of total cMyBP-C expression. E, Total
cMyBP-C levels as well as the presence of myc-tagged cMyBP-C protein in the same mice
was confirmed by western blot analysis. a-sarcomeric actin was used as a loading control. F,
Phosphorylation state of NTG, MyBP-CWT (WT) and MyBP-CA!IP~ (AlIP-) cMyBP-C in
myofibrillar extracts assessed by one-dimensional IEF. Normal cMyBP-C in these extracts
could be further phosphorylated by PKA but MyBP-CAIP~ was not a PKA substrate.
Phosphatase treatment (Phosp) of myofibrillar extracts dephosphorylated normal cMyBP-C.
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Figure 3.

Phgenotypic analyses of MyBP-CA!IP~ (AlIP~) mouse hearts. A, Longitudinal sections derived
from 3 months old left ventricle stained with hematoxylin-eosin (top) or Masson trichrome
(bottom) demonstrate the absence of obvious pathology (x10). B, Transmission electron
micrographs of the sarcomeres. Areas of the MyBP-CA!IP~ ventricles occasionally show altered
sarcomeric organization, with high magnification (lower panels) showing altered M-line
definition (M). Magnification: upper panels, x10000; lower panels, x30000. C, Transmission
electron micrographs of sarcomeres from 12-week-old NTG and MyBP-CAlIP~ TG hearts. The
abnormal H-lines and 1-zones (right bottom panel) and perturbation of the normal sarcomere-
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mitochondria architecture (left bottom panel) in MyBP-CA!P~ are indicated (<). D,
Immunofluorescent staining of cMyBP-C with either anti-cMyBP-C (top) or anti-myc
antibodies (bottom) show normal incorporation. E, RNA dot blot analyses of hypertrophic
markers. Four pg of total RNA was loaded in each dot. The quantitative data are summarized
in F. *P<0.001, **P<0.01 MyBP-CAlIP~ (AlIP~) vs NTG or MyBP-CWT (WT).
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Figure 4.

MyBP-CAIIP- fails to rescue the MyBP-C(Y) cardiac phenotype. A, Representative Northern
(upper two panels) and dot-blot (lower panel) analyses of cMyBP-C mRNA from the left
ventricles of 12-week old NTG (lane 1), homozygous MyBP-C(t'Y) (lane 2), MyBP-CWT:(/1)
(lane 3) and MyBP-CAIP=:(t") (lane 4) mice hybridized with a cMyBP-C probe. GAPDH was
used as a loading control. B, SDS-PAGE analysis shows the absence of cMyBP-C in the
homozygous MyBP-C() hearts, replacement of endogenous cMyBP-C at normal levels in the
MyBP-CWT:) and MyBP-CAIIP=(V1) crosses and conservation of the other sarcomeric protein
levels in these animals. Lanes are numbered as in panel A. C, Western blot analysis shows the
absence of endogenous cMyBP-C in the homozygous MyBP-C(t') hearts and the presence of
myc-tagged TG cMyBP-C in MyBP-CWT:(") and MyBP-CAIP~:(") mice. D, One dimensional
IEF showing the complete replacement of MyBP-CA!P~ in the cMyBP-C null background.
Samples from NTG (lane 1), MyBP-CWT:(U!) (lane 3) and MyBP-CAIP=(t1) (lane 4) were either
untreated (Control), or treated with PKA or phosphatase (Phosp). PKA treated myofilaments
show levels of MyBP-CA!P~ in the MyBP-C(t') hackground that are essentially identical to
NTG levels. Lane 2, which corresponds to the protein derived from MyBP-C(t/!) hearts, showed
no detectable signal and was omitted. E, Myosin isoform shifts in the samples shown in panel
D. MyBP-CWT expression completely rescued the cardiac phenotype observed in MyBP-
CU) hearts in terms of the shift to the fetal hypertrophic pattern as evidenced by B-MHC
expression. In contrast, MyBP-CA!IP~ failed to prevent reversion to the fetal MHC isoform
program. M, size markers.
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Figure 5.

Gross cardiac morphology and histological comparisons. A, Rescue and non-rescue of overt
hypertrophy by MyBP-CWT and MyBP-CA!IP- respectively. Gross morphology of 12—14
week old hearts. B, Longitudinal sections of the entire heart stained with hematoxylin-eosin
(x4). C, Hematoxylin-eosin; D, Masson trichrome stained myocardial sections to assess
fibrosis (x20). Shown are representative paraffin-embedded sections prepared from 10%
buffered formalin perfusion-fixed hearts from 12-week-old mice. Interstitial fibrosis,
calcification and myocardial disarray are seen in the MyBP-C() and MyBP-CAIIP=:(t/t)
sections. E, Heart weight/body weight ratios. All data are presented as means£SE (n=3).
#Significant difference vs NTG (P<0.05), *Significant difference vs MyBP-CWT() (P<0.05).
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Figure 6.

Ultrastructural and immunohistochemical analyses. A, Transmission electron micrographs
showing ultrastructure of sarcomeres in MyBP-C(), MyBP-CWT:(") and MyBP-CAIIP—:() ot
12-weeks. Note the loss of M-lines in the MyBP-C("), Although the MyBP-CAIP=:() hearts
displayed regular A- and I-bands, and M-lines, the overall architecture was disrupted, with
sarcomeres slightly misaligned. Magnification: upper panels, x10000; lower panels, x30000.
B, Incorporation of MyBP-CAIP~ into the MyBP-C(t') background. Ventricular myocardial
sections were immunolabeled for cMyBP-C using either anti-cMyBP-C (top) or anti-myc
antibodies (bottom). There is no staining of cMyBP-C in the MyBP-C(t") background (x60).
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Figure 7.

In vivo cardiac function and analysis of molecular responses. A, M-mode echocardiographic
tracings show left ventricular dilation in the MyBP-CUt and MyBP-CAIIP=:(Y) hearts. The
MyBP-CWT:(") hearts show relatively preserved cardiac function. B, Dot-blot analyses of
hypertrophic markers. Two pg of total mMRNA from NTG (lanes 1-3), homozygous MyBP-
CUY (lanes 4-6), MyBP-CWT:("1) (lanes 7-9) and MyBP-CAIP—:(") (Janes 10-12) were dotted
and hybridized with GAPDH, cMyBP-C, a- and B-MHC, atrial natriuretic factor (ANF), brain
natriuretic peptide (BNP), a-skeletal-actin, phospholamban (PLN) and sarcoplasmic reticulum
Ca?*-ATPase 2a (SERCA) y-32P labeled probes. Hypertrophic molecular markers such as
ANF, BNP, skeletal actin and p-MHC were significantly up regulated in the MyBP-C/t and
MyBP-CAIP=(") groups, while the NTG pattern of expression is conserved in the MyBP-
CWT:(YY) hearts. The quantitative data are summarized in C.
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