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Abstract
Myosin Binding Protein-C slow (MyBP-C slow), a family of thick filament associated proteins,
consists of four alternatively spliced forms, namely variants 1–4. Variants 1–4 share common
structures and sequences, however, they differ in three regions; variants 1 and 2 contain a novel
25-residue long insertion at the extreme NH2-terminus, variant 3 carries an 18-amino acid long
segment within immunoglobulin (Ig) domain C7 and variant 1 contains a unique COOH-terminus
consisting of 26-amino acids, while variant 4 does not possess any of these insertions. Variants 1–
4 are expressed in variable amounts among skeletal muscles, exhibiting different topographies and
potentially distinct functions. To date, the regulatory mechanisms that modulate the activities of
MyBP-C slow are unknown. Using an array of proteomic approaches, we show that MyBP-C slow
comprises a family of phosphoproteins. Ser-59 and Ser-62 are substrates for PKA, while Ser-83
and Thr-84 are substrates for PKC. Moreover, Ser-204 is a substrate for both PKA and PKC.
Importantly, the levels of phosphorylated skeletal MyBP-C proteins (i.e. slow and fast) are notably
increased in mouse dystrophic muscles, even though their overall amounts are significantly
decreased. In brief, our studies are the first to show that the MyBP-C slow subfamily undergoes
phosphorylation, which may regulate its activities in normalcy and disease.
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Introduction
Myosin Binding Protein C (MyBP-C) is a thick filament associated protein that has been
implicated in contributing to the structural stability of sarcomeres and regulating their
contractile function1. Striated muscles contain three major MyBP-C isoforms, namely
cardiac, fast skeletal and slow skeletal, that are mapped to different chromosomes2, 3. An
additional MyBP-C isoform was recently reported in cat jaw-closing muscles that express
masticatory myosin, although its molecular characterization is still pending4, 5. The core
structure of MyBP-C is composed of seven immunoglobulin (Ig) domains and three
fibronectin type III (FNIII) repeats, numbered from the NH2-terminus as C1–C106. The C1
domain is flanked by a Pro/Ala rich7 motif and a conserved linker region, termed MyBP-C
or M motif. Although the three isoforms share significant structural and sequence homology,
cardiac MyBP-C possesses three additional features, including an Ig domain at the very
NH2-terminus of the molecule, termed C0, a unique 9-residue long insertion within the

1Corresponding author: Tel: 410-706-5788, Fax: 410-706-8297, akons001@umaryland.edu.
Supporting Information Available:
This material is available free of charge via the Internet at http://pubs.acs.org.”

NIH Public Access
Author Manuscript
J Proteome Res. Author manuscript; available in PMC 2012 October 7.

Published in final edited form as:
J Proteome Res. 2011 October 7; 10(10): 4547–4555. doi:10.1021/pr200355w.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://pubs.acs.org


MyBP-C motif containing consensus phosphorylation sites and a 28-amino acid loop in the
middle of Ig domain C58.

A number of studies have demonstrated that phosphorylation of cardiac MyBP-C at four key
serine residues located within the MyBP-C-motif (i.e. Ser-273, Ser-281, Ser-302 and
Ser-307), contributes significantly to contractile regulation9 (also reviewed in BareField and
Sadayappan, 201010). Specifically, phosphorylation of these serine residues by PKA
disrupts the interaction of cardiac MyBP-C with the S2 segment of myosin11, increasing the
probability of cross-bridges formation, and therefore serving as a key modulator of
actomyosin interaction and force generation12, 13, 14. In addition to PKA, other kinases,
including PKC-epsilon and CaMKII, are also capable of phosphorylating the same serine
residues, likely in a hierarchical manner15, 16, 17, 18. Recent studies have demonstrated that
phosphorylation of cardiac MyBP-C protects it from degradation under stress conditions19,
whereas lack of phosphorylation is associated with the development of hypertrophy and
ultimately heart failure20, 21, 22.

To date, four different MyBP-C slow transcripts have been identified in human skeletal
muscle referred to as variants (v) 1–4 (accession numbers NM_002465, NM_206819,
NM_206820 and NM_206821, respectively). These differ at three regions due to alternative
splicing events that result in the inclusion of novel segments within the Pro/Ala rich motif,
the C7 domain and the extreme COOH-terminus, encoding sequences of 25, 18 and 26
amino acids, respectively23. V1 and v2 contain the NH2-terminal insertion within the Pro/
Ala rich motif, v3 carries the insertion within the C7 domain, while v1 also contains the
unique COOH-terminal region. V4 does not possess any of the novel insertions.

Although extensive research has focused on the role of cardiac MyBP-C in the formation of
actomyosin cross-bridges and its modulation through complex phosphorylation events, the
activities and regulation of the skeletal MyBP-C isoforms have remained elusive. Herein, we
employed proteomics tools, including 2D SDS-PAGE combined with an array of
phosphochemical treatments and tandem mass spectrometry to examine the presence of
phosphorylation on skeletal MyBP-C slow. Our studies show that similar to its cardiac
counterpart, MyBP-C slow undergoes phosphorylation. Importantly, PKA phosphorylates
Ser-59 and Ser-62, while PKC phosphorylates Ser-83 and Thr-84. Both PKA and PKC
phosphorylate Ser-204. Moreover, the phosphorylation levels of skeletal MyBP-C are
considerably increased in mouse dystrophic (MDX) skeletal muscles. Our data provide, for
the first time, concrete biochemical evidence indicating that skeletal MyBP-C slow
comprises a family of phosphoproteins, and suggest that similar to the cardiac isoform,
phosphorylation may be essential in the regulation of its activities.

Materials and Methods
Animals

Tissue was collected from adult FVB mice (~2–4 months old; Jackson Laboratories, Bar
Harbor, ME), unless otherwise noted. For experiments involving dystrophic skeletal
muscles, tissue was collected from adult control C57BL/6Scsn/J and dystrophic MDX
C57BL/10Scsn-Dmd mdx/J mice (~2–4 months old; Jackson Laboratories, Bar Harbor,
ME). Skeletal muscles were freshly isolated for each experiment; the number of animals
used was as follows: for 1-D SDS-PAGE, n(FVB)=3, for 2-D SDS-PAGE, n(FVB)=5,
n(C57BL/6Scsn/J)=3 and n(C57BL/10Scsn-Dmd mdx/J)=3. All animal protocols were
approved by the Institutional Animal Care and Use Committee of the University of
Maryland.
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1-D Gel Electrophoresis, Western Blotting and Protein Staining
Homogenates of murine extensor digitorum longus (EDL), flexor digitorum brevis (FDB),
tibialis anterior (TA), gastrocnemius (gastroc), quadriceps (quad) and soleus muscles from
wild type FVB or age-matched (~10 weeks old) wild type C57BL/6Scsn/J and dystrophic
C57BL/10Scsn-Dmd mdx/J animals were prepared and fractionated as previously
described23, 24. Samples were either subjected to western blot analysis and probed with
antibodies to MyBP-C slow (300 ng/ml, Abnova, Walnut, CA), MyBP-C fast (1:1000,
Abnova) and GAPDH (1 µg/ml, Ambion, Austin, TX) or stained with Pro-Q Diamond
phosphoprotein gel stain (Invitrogen, Carlsbad, CA) followed by SYPRO Ruby total protein
gel stain (Invitrogen), following the manufacturer’s instructions. The relative amounts of
MyBP-C slow and fast were calculated by quantifying and averaging the pixel intensities of
the respective immunoreactive bands in at least three independent experiments using ImageJ
(version 1.41, NIH, Bethesda, MD) and Excel (Microsoft, Bellevue, WA) software.
Calculated intensities were normalized to those of GAPDH and reported as percent change
between control and MDX tissues. Values from at least three experiments were averaged
and evaluated by Student’s t-test (p<0.01).

Generation of Antibodies
Antibodies were generated to specifically recognize the phosphorylated forms of Ser-83 and
Thr-84. Peptides 5’ CANSQLSTLFVEK 3’ and 5’ CANSQLSTLFVEK 3’ containing
phosphorylated Ser-83 and Thr-84 (underlined), respectively, were used to immunize rabbits
for production of polyclonal antibodies (Open Biosystems, Huntsville, AL). Specific
antibodies were obtained through two rounds of affinity purification, following the
manufacturer’s instructions. In the first step, immune sera were purified against the
appropriate phosphorylated form of the antigenic peptide. In the second step, the eluted
antibodies were further purified against the non-phosphorylated form of the peptide (5’
CANSQLSTLFVEK 3’). The antibodies contained in the flow-through fraction from the
second column were used as affinity purified phospho-specific antibodies at 400 ng/ml in
subsequent immunoblotting experiments.

2-D Gel Electrophoresis and Western Blotting
The phosphorylation state of endogenous MyBP-C slow was analyzed by treatment with
phospho-chemicals followed by 2-D gel electrophoresis and western blot analysis. Freshly
isolated FDB muscle from wild type FVB mice was lysed using a mini-homogenizer (VWR,
Radnor, PA) in 2% Chaps, 20 µM DTT (or 20 µM BME) supplemented with complete
protease inhibitors (Roche, Mannheim, Germany). Homogenates were treated with one of
the following: 1. calf alkaline phosphatase (1 unit/20 µg protein; Invitrogen) at 30° for 2
hours, 2. bacterial alkaline phosphatase (1 unit/20 µg protein; Invitrogen) at 30° for 2 hours,
3. a cocktail of phosphatase inhibitors, adapted from Goodall et al 201025; 1 mM β-glycerol
phosphate, 1 mM sodium pyrophosphate, 20 µM sodium orthovanadate, 5 mM sodium
fluoride, 100 µM EDTA and 100 µM EGTA for 1 hour at room temperature, 4. H89, a
kinase inhibitor (1 µM and 10 µM; EMD Chemicals Inc., Gibbstown, NJ) for 1 hour at room
temperature, 5. PKA (1 unit/20 µg protein, NEB, Ipswich, MA) in the presence of 2 mM
ATP for 6 hours at 4°C, 6. peptide 6–22 of PKA (Sigma, St. Louis, MO) acting as a direct
PKA inhibitor at 1 µM for 1 hour at room temperature, 7. PKC epsilon (2 units/25 µg
protein, EMD Chemicals Inc.) in the presence of 2 mM ATP for 6 hours at 4°C, and 8. PKC
inhibitor peptide 19–31 (1 µM, EMD Chemicals Inc.) for 1 hour at room temperature. 25 µg
of total protein from treated or sham samples were diluted in DeStreak rehydration reagent
(Amersham Biosciences, Piscataway, NJ) with 1.5% Bio-Lyte 5/7 Ampholyte solution (Bio-
Rad, Hercules, CA) and incubated with narrow range pH 5.3–6.3 strips (Invitrogen)
overnight at 4°C, according to the manufacturer’s instructions. Iso-electric focusing (IEF) in
the first dimension was performed for at least 7,500 V hours. For the second dimension,
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each strip was equilibrated in 1xSDS buffer, followed by electrophoretic separation using a
4–12% Bis-Tris gel in MOPS running buffer (Invitrogen), according to the manufacturer’s
instructions. Membranes were then subjected to western blotting using antibodies to MyBP-
C slow (Abnova), as previously described24.

Homogenates of flexor digitorum brevis (FDB) and tibialis anterior (TA) muscles from age-
matched (~10 weeks old) wild type C57BL/6Scsn/J and dystrophic C57BL/10Scsn-Dmd
mdx/J mice were prepared as above, fractionated by 2-D gel electrophoresis and subjected to
western blot analysis. To analyze MyBP-C fast, narrow range pH strips, 6.1–7.1, were used.
Antibodies to MyBP-C slow (Abnova) and MyBP-C fast (Abnova) were used according to
the manufacturer’s instructions.

Reverse Transcriptase-Polymerase Chain Reaction
Recombinant proteins of three distinct regions of MyBP-C slow were designed to include
the three novel insertions; the NH2-terminal construct included residues 1–285 (accession
number HQ848554) and contained the very NH2-terminus of MyBP-C slow, the Pro/Ala
rich motif, the novel insertion, the C1 Ig domain and the MyBP-C motif, the C7-domain
construct included amino acids 1–104 (accession number HQ848555) and consisted of the
C7 FNIII domain with the novel insertion, and the COOH-terminal construct included amino
acid residues 1016–1127 (accession number EDL21488) and contained the last Ig domain,
C10 and the novel COOH-terminal insertion.

Total RNA was isolated with Trizol reagent (Invitrogen) from adult FVB murine soleus
muscle and with the RNeasy kit (Qiagen, Valencia, CA) from control C57BL/6Scsn/J and
dystrophic C57BL/10Scsn-Dmd mdx/J FDB and TA muscles. Approximately 5 µg of
freshly prepared RNA were then used to synthesize cDNA with the Superscript First Strand
Synthesis System for RT-PCR (Invitrogen). Newly synthesized cDNA was used as template
for PCR amplification of the above MyBP-C slow constructs (i.e. NH2-terminal construct,
855bp; C7-domain construct, 312bp; and COOH-terminal construct, 333bp), the very
COOH-terminus of MyBP-C fast (330bp) and a portion of the housekeeping gene GAPDH
(240bp) with the primers listed in supplemental table 1. Following amplification, PCR
products were analyzed by electrophoresis in 1% agarose gels and their authenticity was
verified by sequence analysis. Semi quantitative analysis was performed using ImageJ
(NIH) and Excel (Microsoft) software. The expression levels of MyBP-C slow and fast in
wild type and dystrophic muscles were normalized to the expression of GAPDH and
reported as percent change between samples. Values from at least three experiments were
averaged and evaluated by Student’s t-test (p<0.01).

Generation of Wild Type and Mutant Recombinant Proteins
The NH2-terminal, C7 and COOH-terminal constructs of MyBP-C slow fragments
containing the three novel insertions described above were introduced in the pGEX4T-1
vector at EcoR1/Xho1 sites (Amersham Pharmacia, Piscataway, NJ) to generate GST-fusion
proteins. Recombinant polypeptides were expressed by induction with 1 mM isopropyl β-D-
thioglycopyranoside (IPTG) for 4 hours at 30°C and purified by affinity chromatography on
glutathione-agarose columns.

Tandem site-directed mutagenesis was performed as previously described26 using the
Quickchange site-directed mutagenesis kit (Stratagene, La Jolla, CA) to replace the PKA
(Ser-59 and Ser-62) and PKC (Ser-83 and Thr-84) phosphorylation sites within the NH2-
terminal construct by alanine residues. Sense and antisense oligonucleotide sets are listed in
supplementary table 1. The authenticity of all constructs was verified by sequence analysis,
and mutant fragments were expressed as GST-fusion proteins, as described above.
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In vitro Kinase Assay
Purified recombinant proteins were concentrated using Centrifugal Filter Units (Millipore,
Carrigtwohill, Co. Cork, Ireland) to a final concentration of at least 1 µg/µl and dialyzed
against Buffer A containing: 20 mM Hepes, 50 mM KCl, 10 mM MgCl2, 1 mM ATP and 1
mM DTT. PKA or PKC was added to recombinant proteins at 80 U kinase/mg protein, along
with 1 mM ATP27. The reaction was incubated at 4°C for 16 hours and then separated by
SDS-PAGE. ProQ Diamond staining, used to identify phosphorylation, was followed by
SYPRO Ruby staining for total protein.

In-Solution Digestion of Proteins and Phosphopeptide Enrichment
In-solution digestion of affinity purified recombinant proteins treated with either PKA or
PKC was performed as follows. Proteins were denatured with 0.1% RapiGest SF surfactant
(Waters, Milford, MA) by boiling at 95°C for 5 minutes followed by reduction with 5 mM
TCEP for 30 minutes at 56°C and alkylation with 15 mM iodoacetamide for 30 minutes at
room temperature (22°C) in the dark. The alkylation reaction was quenched with 30 mM
DTT for 30 minutes at room temperature. After desalting using 7 kDa MWCO Protein
Desalting spin columns (Thermo Fisher Scientific, Waltham, MA), trypsin (2% w/w) or
GluC (2%w/w) was added for overnight digestion at 37°C. The digestion was stopped by
acidification with 5% formic acid followed by 30 minutes incubation at 37°C to hydrolyze
the RapiGest. RapiGest by-products were pelleted by centrifugation at 10,000×g for 10 min.
Peptides were de-salted using C18 desalting spin columns (Thermo Fisher Scientific) and
dried using a SpeedVac concentrator.

The digested peptides were further purified to enhance for phosphopeptides using either an
immobilized gallium phosphopeptide enrichment kit (Thermo Fisher Scientific), according
to the manufacturer’s instructions, or TiO2 STAGE Tips as detailed in Rappsilber et al28 and
briefly described here. Three µL of 10 µm Titansphere beads (GL Sciences) were added to
in-house made C8 (Empore, 3M, St. Paul, MN) STAGE Tips in 200 µL pipet tips. The TiO2
columns were washed with Buffer B (80% ACN, 0.1% TFA and 300 mg/mL lactic acid).
Dried SCX-fractionated peptides were re-constituted in Buffer B and loaded onto the TiO2
columns. The columns were washed with Buffer B followed by Buffer C (80% ACN, 0.1%
TFA) and the phosphopeptides were eluted with freshly prepared 0.5% NH4OH into tubes
containing 2% TFA. To elute any peptides bound to the C8 membrane, the TiO2 columns
were washed with Buffer B; this eluate was combined with the 0.5% NH4OH eluate. The
gallium and TiO2 phosphopeptide enriched samples were dried in a SpeedVac concentrator
followed by de-salting with C18 STAGE tips. De-salted peptides were re-suspended in 0.1%
formic acid immediately prior to LC-MS/MS analysis.

Mass Spectrometry (MS)
Chromatographic separation of peptides was performed using an Xtreme Simple Nano LC
system (CVC Micro-Tech Scientific) equipped with a 150 mm × 75 µm C-18 reversed-
phase column (3 µm particles, 300 Å pores - Michrom Bioresources). Mobile phase
compositions were as follows: A) 2% acetonitrile, 0.1% formic acid; B) 95% acetonitrile,
0.1% formic acid. Samples were injected in 0.1% formic acid using a Surveyor Autosampler
(Thermo Electron). A 60 minutes LC gradient method from 5–40% solvent B at a flow rate
of 0.5 µL/minute flow was used to elute the peptides into the mass spectrometer. All mass
spectrometry analyses were performed using an LTQ-Orbitrap (Thermo Electron) mass
spectrometer operated using Xcalibur v. 2.0.7 SR2. The mass spectrometer was equipped
with a nanospray ionization source containing an uncoated 10 µm i.d. SilicaTip™ PicoTip™
nanospray emitter (New Objective, Woburn, MA). The spray voltage was 1.8 kV and the
heated capillary temperature was 200°C. MS1 data for peptides 57–75 and 204–221 was
acquired in the Orbitrap profile mode (lock mass not engaged) with a resolution of 60,000 at
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400 m/z. MS1 data for peptide 76–89 was acquired in the linear ion trap (LTQ). All MS/MS
data was acquired in the linear ion trap as follows: top five most intense ions in each MS1
scan were selected for collision-induced dissociation with dynamic exclusion enabled
(repeat count 1, exclusion duration 180 sec). Other mass spectrometric data generation
parameters were as follows: collision energy 35%, full scan MS mass range 400–1600 m/z,
minimum signal 500 counts and isolation width 3.0 m/z.

Mass spectrometry data analysis
MS/MS spectra were searched against a mouse protein database downloaded from UniProt
to include ~65,000 sequences and a custom database using Bioworks 3.3.1 SP1 with the
SEQUEST algorithm. The custom database was constructed to include only those proteins
known to be present in the in vitro reaction mixture; glutathione S-transferase (NCBI
accession number, Caa46155), PKA (NCBI accession number, NP_032880), PKC (NCBI
accession number, AAG53692) and mouse MyBP-C slow including the novel insertions
(NCBI accession numbers, 8030451F13, EDL21488, HQ848554, HQ848555). Search
parameters were as follows: enzyme cleavage, trypsin (for the NH2- and COOH-terminal
constructs) and GluC (for the C7 construct); cleavage type, full; precursor mass tolerance,
1.5 amu or 20 ppm; fragment ion tolerance, 0.5 Da; missed cleavages, 2; modifications, Cys
carbamidomethylation (+57.02 Da), Met oxidation (+15.99 Da) and Ser, Thr and Tyr
phosphorylation (+79.97 Da). The peptides were filtered by the following criteria: Xcorr ≥
1.5, 2.5, 3.0, and 3.5 corresponded to the presence of 1+, 2+, 3+, and 4+ peptides,
respectively30. All MS/MS spectra of identified phosphopeptides were confirmed by manual
validation.

Immuofluorescence Staining and Confocal Microscopy
Adult FDB and TA muscles of control C57BL/6Scsn/J and dystrophic C57BL/10Scsn-Dmd
mdx/J mice were fixed both in situ, via whole animal perfusion-fixation and ex vivo with 2%
paraformaldehyde in PBS, as previously described24, 31. Fixed tissue was embedded in PBS
containing 7.5% gelatin, 15% sucrose, slowly frozen using 2-methylbutane and
cryosectioned. Longitudinal sections were immunolabelled with antibodies to MyBP-C-slow
(1:400, Abnova), MyBP-C fast (1:100; Abnova) and an antibody to the RhoGEF domain of
obscurin (obscurin RhoGEF, 3µg/mL32).

Results and Discussion
MyBP-C slow is a family of phosphoproteins

Mammalian MyBP-C slow is a family of four isoforms differing from one another at three
regions due to complex alternative splicing, that results in the inclusion of exons 3 and 4 in
the Pro/Ala rich motif (NH2-terminal insertion), exon 23 in the middle of the C7 FNIII
domain (C7 insertion) and exon 31 at the extreme COOH-terminus (COOH-terminal
insertion), which encode novel sequences of 25, 18 and 24 amino acids, respectively (Fig.
1A and SFig. 1B). These novel insertions combine to form at least 4 distinct variants, which
share structural and sequence homology (~85–95%) among humans, rats and mice23 (and
our unpublished data). Variant 1 (v1, ~131 kDa) contains both the NH2- and COOH-
terminal inserts, variant 2 (v2, ~129 kDa) harbors only the NH2-terminal insert, variant 3
(v3, ~128 kDa) carries the C7-domain insert, and variant 4 (v4, ~126 kDa) lacks all three
inserts.

To study the expression pattern of MyBP-C slow in adult murine skeletal muscles, we
performed western blot analysis. Homogenates from extensor digitorum longus (EDL),
flexor digitorum brevis (FDB), tibialis anterior (TA), gastrocnemius (gastroc), quadriceps
(quad) and soleus were separated by 1-D SDS-PAGE and probed with an antibody
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recognizing domain C5, which is specific yet common to all MyBP-C slow variants (Fig.
1B). Consistent with our previously published results in rat skeletal muscle23, we were able
to resolve at least three immunoreactive bands across the panel of fast and slow skeletal
muscles examined, ranging in size between ~125–135 kDa, and to detect at least one form of
MyBP-C slow in each murine muscle. EDL, FDB and TA primarily express immunoreactive
bands of ~131 and ~128–129 kDa, corresponding to v1 and v2 and/or v3, respectively (Fig.
1B, lanes 1–3). Interestingly, gastrocnemious possesses three immunoreactive bands of
~131, ~128–129, and ~126 kDa, corresponding to v1, v2 and/or v3 and v4, respectively
(Fig. 1B, lane 4), with the ~128–129 kDa band being the most abundant one. Contrary to the
other muscles analyzed, quadriceps and soleus contain only two bands of ~128–129 and
~126 kDa, and ~131 and ~126 kDa, representing v2 and/or v3 and v4, and v1 and v4,
respectively (Fig. 1B, lanes 5 and 6). Taken together, these findings indicate that MyBP-C
slow variants 1–4 are co-expressed, albeit in variable amounts and combinations, in slow
and fast twitch skeletal muscles of murine (this study) and rat23 origin, where they can co-
exist with MyBP-C fast within the same muscle, fiber or even sarcomere33.

Previous work has suggested that MyBP-C slow is capable of phosphorylation34, 35, 36. To
test this, we analyzed protein lysates prepared from the above skeletal muscles by 1-D SDS-
PAGE and stained them with ProQ Diamond, a phosphospecific dye. A broad band of
~125–135 kDa representing a mixture of phospho-proteins with the same mobility as the
skeletal MyBP-C proteins, encompassing both slow and fast isoforms, was detected in all
samples examined (Fig. 1C). Thus, MyBP-C slow is a multi-variant family of proteins,
which are differentially expressed among skeletal muscles and may undergo
phosphorylation.

MyBP-C slow is a substrate of PKA and PKC
To examine the presence of phosphorylation in MyBP-C slow, we treated protein lysates
prepared from FDB muscle with a variety of phospho-specific chemicals and performed 2-D
SDS-PAGE coupled with western blotting. FDB is primarily a fast twitch skeletal muscle
expressing high amounts of v1 but also containing v2 and/or v3. Protein lysates were treated
with a general phosphatase, a cocktail of phosphatase inhibitors or a broad-spectrum kinase
inhibitor, separated by isoelectric point (pI) and molecular mass with 2-D gel electrophoresis
and immuno-probed for MyBP-C slow. As the pI values of the four MyBP-C slow variants
range from ~5.5–6.0, we used narrow pH strips to obtain maximal resolution of the ‘train’ of
MyBP-C slow spots.

Ten immunoreactive spots (1–10) were present in sham or untreated homogenates (Fig. 2A,
first panel), representing a gamut of differentially charged MyBP-C slow isoforms, resulting
from variable post-translational modifications. Spots located at a higher pH (e.g. pH: 6.3)
represent more positively charged species, whereas spots located at a lower pH (e.g. 5.3)
represent less positively charged species. Treatment with a general phosphatase resulted in a
dramatic shift of immunoreactive spots 2–10 towards a higher pH (Fig. 2A, second panel),
suggesting the generation of more positively charged or less phosphorylated species. To the
contrary, treatment with a cocktail of phosphatase inhibitors resulted in a major shift of spot
1 towards a lower pH, concomitant with an increase in the intensity of spots 2–9 (Fig. 2A,
third panel), indicating the generation of less positively charged or more phosphorylated
species. Moreover, treatment with different concentrations of a general kinase inhibitor,
H89, resulted in a dose-dependent increase of the least phosphorylated species (i.e. spot 1),
and a decrease in the intensity of the remaining spots (i.e. spots 2–10) (Fig. 2A, fourth and
fifth panels). Collectively, these experiments demonstrate that MyBP-C slow comprises a
subfamily of phosphoproteins.
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To determine potential kinases involved in MyBP-C slow phosphorylation, we treated FDB
homogenates with PKA, PKC and their specific inhibitors, and performed 2-D analysis as
before. Following treatment with PKA (Fig. 2B, top panel) or PKC (Fig. 2C, top panel),
immunoreactive spots 2–10 concentrated in the middle of the 6.3-5.3 pH strip, while the
intensity of spot 1 was diminished. Contrary to this, after treatment with PKA (Fig. 2B,
bottom panel) or PKC (Fig. 2C, bottom panel) inhibitors, immunoreactive spots 2–10
collapsed into spot 1, which increased in intensity dramatically. Taken together, these results
suggest that MyBP-C slow is a substrate for PKA and PKC.

We next sought to identify specific phosphorylated residues on MyBP-C slow following
activation by PKA and PKC. To this end, we produced recombinant GST fusion proteins of
three distinct regions of MyBP-C slow to include the three novel insertions described in Fig.
1A and underlined in SFig. 1C. The NH2-terminal construct contains residues 1–285
(accession number HQ848554) and includes the Pro/Ala rich motif, the novel NH2-terminal
insertion, the C1 Ig domain and the MyBP-C motif, the C7 construct (residues 1–104;
accession number HQ848555) contains the entire C7 FNIII domain harboring the novel
insertion, and the COOH-terminal construct (residues 1016–1127; accession number
EDL21488) includes the C10 Ig domain along with the novel COOH-terminal sequence
(Fig. 3A). Each recombinant protein (Fig. 3B) was treated with PKA or PKC and analyzed
via mass spectrometry.

Tandem LC-MS/MS analysis identified five phosphorylated residues within the NH2-
terminal construct; for details regarding data acquisition please refer to Materials and
Methods and Table 1. Following PKA activation, a peptide encompassing amino acids 57–
75 (accession number, HQ848554) was identified multiple times with at least one
phosphorylated site at Ser-59 (Fig. 3C) or Ser-62 (Fig. 3D) with cross correlation (Xcorr)
values of 4.471 and 4.757, respectively (Table 1). Thus, phosphorylation may occur on
either one or both residues within the peptide. An additional peptide including residues 204–
221 (accession number, HQ848554) was also identified several times with one
phosphorylated site at amino acid Ser-204, following treatment with either PKA or PKC
with Xcorr values of 4.142 (Fig. 3E) and 4.475 (Fig. 3F), respectively (Table 1). Moreover,
after activation by PKC, a peptide containing amino acids 76–89 (accession number,
HQ848554) was identified with at least one phosphorylation site at Ser-83 (SFig. 1A) or
Thr-84 (SFig. 1B) with Xcorr values of 2.83 and 2.94, respectively (Table 1), suggesting
that phosphorylation may occur on either one or both residues within the peptide. Given the
relatively low Xcorr values obtained for Ser-83 and Thr-84, we generated polyclonal
antibodies specific to their phosphorylated forms, which, following affinity purification,
were used to probe adult murine FDB lysates. An immunoreactive band of ~150 kDa was
specifically detected by both phospho-antibodies (SFig. 1A–B, insets), indicating that Ser-83
and Thr-84 are substrates of PKC in vivo.

Taken together, these findings are consistent with the fact that wild type recombinant NH2-
terminal construct (amino acid residues 1–285) was readily stained with ProQ Diamond dye
following treatment with either PKA or PKC (SFig. 1D). Consistent with this, mutant forms
of it, in which either the PKA (Ser-59, Ser-62 and Ser-204) or the PKC (Ser-83, Thr-84 and
Ser-204) phosphorylation sites were tandemly mutated to Ala failed to stain with ProQ
Diamond dye, following treatment with PKA or PKC, respectively (SFig. 1D and data not
shown).

Of the five phosphorylatable residues, Ser-59 is located within the novel NH2-terminal
insertion and is therefore present in v1 and v2. On the contrary, Ser-62, Ser-83 and Thr-84
are located within the Pro/Ala rich region and are present in all four variants. Notably,
Ser-59 and Ser-83 are conserved among mouse (accession number, HQ848554), rat
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(accession number, NM_001100758) and human (accession number, NM_002465), while
Ser-62 is conserved in mouse and rat, but replaced by a Thr in human. Conversely, Thr-84 is
replaced by a Gln in both rat and human. Ser-204 is located within the MyBP-C motif
following the C1 domain. The MyBP-C motif of the slow isoform is ~95% homologous
between mouse, rat and human, and Ser-204 is conserved among the three species.
Interestingly, Ser-204 aligns with Thr-272 of cardiac MyBP-C that precedes the cardiac
specific insertion within the MyBP-C motif, which contains consensus phosphorylation
sites. Immediately following Thr-272 is Ser-273, a known phosphorylation site and target of
both PKA and PKC16.

Collectively, these findings provide the first biochemical evidence of phosphorylation of
MyBP-C slow by PKA and PKC, suggesting a novel mechanistic regulation of the activities
of MyBP-C slow in the formation of actomyosin cross-bridges within skeletal muscles.

Skeletal MyBP-C slow and fast exhibit increased levels of phosphorylation in dystrophic
skeletal muscles

Using 1- and 2-D SDS-PAGE combined with western blot analysis, we further examined the
expression pattern and phosphorylation profile of skeletal MyBP-C slow and fast in
dystrophin-deficient (MDX) murine skeletal muscles in comparison to their normal
counterparts (for mouse strain information please see the Materials and Methods section).
Equal loading of protein lysates was ensured by measuring protein concentration and
probing for GAPDH (Fig. 4A bottom panels). 1-D SDS-PAGE demonstrated that in addition
to the ~131 and 128–129 kDa bands, representing v1 and v2 and/or v3, respectively, an
immunoreactive band of ~126 kDa was also present in the MDX TA and FDB muscles. This
lower band likely corresponds to v4, which is absent from normal tissues (Fig. 4A, top
panel, lanes 2 and 4, arrowheaed). Alternatively, it could represent a proteolytic fragment of
MyBP-C slow v1 and v2 and/or v3. Moreover, there was a significant decrease in the
intensity of the immunoreactive band representing v2 and/or v3 in the MDX TA muscle, but
not in the MDX FDB muscle (Fig. 4A, top panel, lane 4, arrow). Consistent with this, the
total amounts of MyBP-C slow were lower in TA (~35% decrease), but not FDB (a ~9%
increase was observed presumably due to expression of v4) MDX muscle (Fig. 4B, black
bars). Conversely, the levels of MyBP-C fast were dramatically reduced in both FDB (~90%
decrease) and TA (~30% decrease) MDX muscles, however this decrease was more
pronounced in the MDX FDB tissue (Fig. 4B, white bars). These changes in the amounts of
the slow and fast isoforms were specific to protein levels, as their mRNA levels remained
unchanged between wild type and MDX tissues (SFig. 2A and B).

Next, we employed 2-D gel electrophoresis to study the phosphorylation state of MyBP-C
slow and fast in dystrophic and wild type muscles. The 2-D footprint of MyBP-C slow
exhibited a shift towards a lower pH in MDX FDB and TA muscles compared to their wild
type counterparts (Fig. 4C), as evidenced by the lack of spot 1 and the increased intensity of
spots 1.1–9, indicating higher levels of phosphorylation of MyBP-C slow in MDX muscles.
Similar analysis of MyBP-C fast by 2-D SDS-PAGE demonstrated that unlike the slow (this
study) and cardiac37 isoforms, which resolve into 10 and 9 spots, respectively, the fast
isoform shows a single major immunoreactive spot either flanked or followed by two less
prominent spots in normal FDB and TA muscles, respectively (Fig 4D, panels 1 and 3).
Interestingly, we observed a shift, albeit less dramatic, of the MyBP-C fast spots towards a
lower pH in MDX FDB and TA muscles, too (Fig. 4D, panels 2 and 4). Taken together,
these results suggest that the two skeletal isoforms of MyBP-C exhibit higher levels of
phosphorylation in dystrophic MDX muscles, as compared to their wild type counterparts.
Consistent with this, the ~125–135 kDa band, encompassing the slow and fast skeletal
MyBP-C isoforms, detected with the ProQ Diamond dye in lysates prepared from dystrophic
FDB and TA muscles, was of higher intensity compared to the one detected in the respective
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wild type muscles (Fig. 4E, top panel). Importantly, the total amounts of the skeletal MyBP-
C isoforms are significantly reduced in both FDB and TA MDX muscles compared to
normal tissues, as our immunoblots indicated (Fig 4B), and Sypro Ruby staining further
confirmed (Fig. 4E, middle panel). It should be noted that equal amounts of lysates were
analyzed from dystrophic (MDX) and wild type muscles as determined by measuring
protein concentration and evaluating the expression levels of other proteins (e.g. myosin,
Fig. 4E, bottom panel) by Sypro Ruby total protein dye.

Given the changes we observed in the expression and phosphorylation levels of MyBP-C
slow and fast in dystrophic compared to healthy skeletal muscles, we set forth to examine
their subcellular distribution, using immunofluorescence combined with confocal
microscopy. The localization of MyBP-C slow appeared diffuse in ~10% of dystrophic TA
fibers (SFig. 2D1–D3), whereas the localization of MyBP-C fast was unaffected (SFig. 2F1–
F3). Control TA fibers exhibited regular striations for both MyBP-C slow (SFig. 2C1–C2)
and fast (SFig. 2E1–E3). There was no detectable difference in the localization of MyBP-C
slow or fast between MDX and wild type FDB muscle (data not shown).

Conclusions
Our data provide for the first time concrete biochemical evidence that MyBP-C slow
comprises a complex family of phosphoproteins that are substrates for PKA and PKC in
skeletal muscle. Furthermore, we show that in dystrophic muscle, MyBP-C slow and fast
exhibit increased levels of phosphorylation compared to normal tissues. Thus, our results
suggest that, similar to its cardiac counterpart, phosphorylation may be essential in
regulating the activities of MyBP-C slow in skeletal muscle.

Cardiac MyBP-C regulates the formation of actomyosin cross-bridges and thus force
generation through dynamic phosphorylation events that take place within its NH2-
terminus13–14, 38. In agreement with this, murine models engineered to contain non-
phosphorylatable Ala or phosphomimetic Asp residues in the place of the phosphorylatable
Ser residues, exhibited depressed cardiac function or cardioprotection against ischemia/
reperfusion injury, respectively19, 39. Taken together, these observations clearly indicate the
importance of phosphorylation on cardiac MyBP-C to maintain normal sarcomeric structure
and contractile function. Based on our findings here, it is reasonable to propose similar roles
for phosphorylation of MyBP-C slow during normalcy and disease. Future work will focus
on the effect(s) of phosphorylation of MyBP-C slow in maintaining sarcomeric structure and
modulating contractile activity in skeletal myofibers.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Adult murine skeletal muscles express multiple MyBP-C slow variants. A: Schematic
representation of a “hypothetical” murine MyBP-C slow transcript consisting of tandem Ig
(white ovals) and FnIII (grey ovals) domains with the three novel insertions shown (black
rectangles). B–C: Protein homogenates prepared from murine skeletal muscles were labeled
with anti-MyBP-C slow antibody (B) and stained with ProQ Diamond Dye that specifically
detects phosphorylated proteins (C). At least three immunoreactive bands were detected,
ranging in size from ~125–135 kDa that correspond to the different variants of MyBP-C
slow (v1–v4; please see text). Notably, a broad band of ~125–135 kDa was detected by the
ProQ Diamond phospho-dye in all skeletal muscles tested.
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Figure 2.
Proteomic analysis of MyBP-C slow in fast twitch FDB muscle. A–C: Protein homogenates
prepared from murine FDB skeletal muscle were subjected to different phospho-chemical
treatments, analyzed by 2-D gel electrophoresis and immunostained with a MyBP-C slow
antibody (A). Representative blots are shown on the left with corresponding cartoon
representations on the right. MyBP-C slow appears to be a substrate of PKA (B) and PKC
(C) in vivo.
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Figure 3.
MyBP-C slow is phosphorylated by PKA and PKC in vitro. A: Schematic representation of
the same “hypothetical” protein shown in Fig. 1A, highlighting recombinant MyBP-C slow
constructs. Recombinant polypeptides are denoted as GST-NH2 terminal construct, GST-C7
construct and GST-COOH terminal construct and detected by SYPRO ruby total protein
stain (B). C–F: Phosphorylation events mediated by PKA and PKC were identified in the
GST-NH2-terminal construct via mass spectrometry analysis using LTQ-orbitrap. MS/MS
scans of peptides carrying phosphorylated Ser-59 by PKA (C), Ser-62 by PKA (D) and
Ser-204 by PKA (E) and PKC (F), identified by Bioworks-SEQUEST, with Xcorr scores of
4.471, 4.757, 4.142 and 4.475, respectively, and manually validated are shown.
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Figure 4.
Examination of the expression profile of MyBP-C slow and fast in dystrophic (MDX)
skeletal muscles. A: Protein homogenates prepared from FDB and TA skeletal muscles from
wild type (WT) and MDX mice were separated by 1-D SDS-PAGE and probed with
antibodies to MyBP-C slow (A, top panel) and fast (A, middle panel). An immunoreactive
band of ~125 kDa representing MyBP-C slow v4 (arrowhead) was detected in dystrophic
FDB and TA, but not wild type, tissues. Moreover, the ~128–129 kDa band, corresponding
to v2 and/or v3, is significantly diminished in MDX TA muscle (arrow). Similarly, the
amounts of MyBP-C fast are considerably reduced in dystrophic FDB and TA muscles.
Equal loading of protein lysates was confirmed by immunostaining for GAPDH (A, bottom
panel). B: Densitometric analysis of immunoreactive bands was used to estimate the relative
amounts of MyBP-C slow (black bars) and fast (white bars) in wild type and dystrophic
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muscles; differences in expression levels are reported as percent changes (p<0.01; Students
t-test). C–D: The same homogenates were analyzed by 2-D SDS-PAGE and immunostained
for MyBP-C slow (C) and fast (D). A distinct shift of both MyBP-C slow and fast
immunoreactive spots toward a more phosphorylated state was observed in dystrophic
muscles. E: Consistent with this, the ~125–135 kDa band, encompassing skeletal MyBP-C
slow and fast, was of higher intensity in homogenates prepared from dystrophic FDB and
TA muscles compared to the band detected in the respective normal muscles after staining
with ProQ Diamond phosphospecific dye (E, top panel), albeit the total amounts of skeletal
MyBP-C protein were significantly reduced, as indicated by Sypro Ruby staining (E, middle
panel); myosin staining with Sypro Ruby was used as a loading control (E, bottom panel),
indicating equivalent levels between wild type and dystrophic muscles.
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