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ABSTRACT: Cardiac myosin binding protein C (cMyBPC) is a critical
multidomain protein that modulates myosin cross bridge behavior and cardiac
contractility. cMyBPC is principally regulated by phosphorylation of the residues
within the M-domain of its N-terminus. However, not much is known about the
phosphorylation or other post-translational modification (PTM) landscape of the
central C4C5 domains. In this study, the presence of phosphorylation outside the
M-domain was confirmed in vivo using mouse models expressing cMyBPC with
nonphosphorylatable serine (S) to alanine substitutions. Purified recombinant
mouse C4C5 domain constructs were incubated with 13 different kinases, and
samples from the 6 strongest kinases were chosen for mass spectrometry analysis.
A total of 26 unique phosphorylated peptides were found, representing 13 different phosphorylation sites including 10 novel sites.
Parallel reaction monitoring and subsequent mutagenesis experiments revealed that the S690 site (UniProtKB O70468) was the
predominant target of PKA and PKG1. We also report 6 acetylation and 7 ubiquitination sites not previously described in the
literature. These PTMs demonstrate the possibility of additional layers of regulation and potential importance of the central domains
of cMyBPC in cardiac health and disease. Data are available via ProteomeXchange with identifier PXD031262.

■ INTRODUCTION

Cardiac myosin binding protein C (cMyBPC) is a critical
regulatory protein in cardiac muscle.1,2 It consists of 8
immunoglobulin domains and 3 fibronectin type III domains,
connected by linker residues.2 It regulates cardiac contractility
in response to inotropic stimuli through phosphorylation and
other post-translational modifications (PTMs).2−8 The phos-
phorylation of the M-domain of cMyBPC via cAMP-depend-
ent protein kinase (PKA) has been the most extensively
studied PTM and has shown importance in normal cardiac
function9 by relieving the constraints on myosin S2 and
accelerating cross bridge cycling.4,9−16 In particular, phosphor-
ylation at serine (S) residues S273, S282, and S302 (mouse
residue numbering, e.g. UniProtKB O70468, unless indicated
otherwise) has been implicated in many important regulatory
functions in the heart.4,12,15,17,18 Recent reports also indicate
that PKA-mediated S307 phosphorylation in vitro may
contribute to the normal physiological function and regulation
of murine cMyBPC.19 More broadly, cMyBPC has been shown
to be differentially phosphorylated in animal models of
myocardial stunning and models of age-related cardiac
dysfunction.20,21 Furthermore, cardiac hypertrophy and heart
failure have been associated with reduced overall cMyBPC
phosphorylation levels,22−26 and decreased cMyBPC phos-
phorylation is correlated with dysfunction in ischemia.27,28

Given the strong evidence that implicates phosphorylation
as a modulator of the structure and function of cMyBPC in
physiological and pathological cardiac conditions, significant
effort has been devoted to elucidating the precise mechanisms
of the phosphorylation sites in the M-domain. In contrast,
relatively little is known about the phosphorylation or other
PTM landscape, structure, or function of the central domains
of cMyBPC.3,29 Two unique features are present in the C4 and
C5 domains: an elongated linker region between C4 and C5
and a cardiac isoform specific loop region in the middle of the
C5 domain.30 The C5 domain’s cardiac-specific loop is highly
dynamic and extended, and it seems to lack any defined
secondary structures.31 Although the exact function of the loop
remains to be elucidated, it has been speculated that it may
function as a stable scaffold for cardiac-specific ligand
interactions of signal transduction molecules, perhaps as a
site of kinase docking and phosphorylation.3 Additionally, a
recent study showed that cMyBPC forms bent conformations,
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60% with one hinge (forming a V-shape) and 40% with two
hinges.29 Based on measured lengths of the hinge arms, the
two hinge domains are likely C1C2 and C4C5,29 where the M-
domain and the linker between C4 and C5 are located. Thus, it
seems that the linker may provide a high degree of flexibility.32

We hypothesized that these structural alterations may be
regulated through phosphorylation and other PTMs.
To this end, we aimed to characterize precise phosphor-

ylation sites of the murine cMyBPC C4C5 domains using mass
spectrometry analysis, along with identification of kinase
specificity. We also aimed to identify the site-specific
phosphorylation contributions through mutagenesis and kinase
experiments. Our results showed 13 total phosphorylation sites
found in the C4C5 domains, and 10 novel sites not previously
described in the literature. We also show that functionally
important kinases such as PKA and PKG target only a few
residues which contribute the most to the overall phosphor-
ylation of the C4C5 domains, suggesting that these residues
may be important in regulating cMyBPC structure and
function. We also report other novel PTMs, including 6
acetylation and 7 ubiquitination sites in the C4C5 domains.

■ RESULTS AND DISCUSSION
Quantification of Basal Myofilament Phosphoryla-

tion Levels. The transgenic phospho-ablated 3SA mouse
models showed a 57% basal phosphorylation level compared to
WT mice (normalized phospho-stain/Coomassie signals of
1.00 ± 0.16 for WT vs 0.57 ± 0.11 for 3SA, p < 0.05).
Additionally, the 4SA injected KO hearts showed a 56% basal
phosphorylation level compared with the FL injected KO
hearts (normalized phospho-stain/Coomassie signals of 1.00 ±
0.16 for KOFL vs 0.56 ± 0.13 for 4SA, p < 0.05). The
sequences used in generating the AAV9 vectors are shown in
Figure S1. Representative gels images are shown in Figure 1.
The function of cMyBPC is known to be affected by N-

terminal phosphorylation, specifically within the M-do-
main.19,33,34 It is notable that only 3−4 main sites (S273,
S282, S302, and S307) contribute to ∼44% of all basal
cMyBPC phosphorylation, consistent with previous reports.4,6

However, these experiments support the idea that there may be
additional physiologically important phosphorylation sites in
the rest of the protein, accounting for ∼56% of basal
phosphorylation. For example, a study involving recombinant
C1C2 domains with 4SD mutations showed complete ablation
of phosphorylation signal even with PKA treatment.19 This
evidence indicates that there are no more PKA-targets in the
C1C2 domains, and any additional PKA-induced phosphor-
ylation sites are outside of the C1C2 domains.
In Vitro Kinase Experiments Showed Kinase-Specific

Phosphorylation of Murine C4C5 Domains of cMyBPC.
The recombinant mouse C4C5 protein was generated (Figure
S2), purified, and determined to be 90−95% pure by
Coomassie stain. C4C5 was confirmed to be well-structured
via far-UV circular dichroism (Figure S3, Table S1). The C4C5
constructs were then treated with 13 different kinases each
with its own control and stained with phospho-stain in order to
explore the landscape of phosphorylation in the central region
(Figure 2A,B). The kinases and concentrations used in the
screening experiments are reported in Table S2 and Table S3.
The phospho-stain showed some signal in the control samples,
indicating a baseline level of phosphorylation. The strongest six
kinases showed the following fold-increase in the total relative
phosphorylation levels: RSK2 (2.8 fold increase), PKA (2.5),

and PKG1 (2.2), AMPK (2.0), and PKD2 (1.6), and CK2
(1.4) (Figure 2C).
Interestingly, the six kinases mentioned above have been

found to play important roles in the N-terminal domains. PKA
has been found to phosphorylate S273, S282, S302, and S307
in addition to many other sites,3,25,35 whereas other kinases
such as RSK2, PKD2, CK2, PKG1 have been found to be have
more complex roles in phosphorylating certain sites in the M-
domain.36 RSK2 phosphorylation of S282 is associated with
reduction in calcium sensitivity and enhanced cross bridge
kinetics.37 PKD has been found to phosphorylate S302
selectively38−40 and to play a role in stress response, cardiac
hypertrophy, and angiogenesis.36,37 CK2 has been shown to
phosphorylate the S282 site in addition to other sites in the
C0C2 domains, although its functional importance has yet to
be determined.25 It has been reported to be involved in proper
embryonic heart development41 and modulation of cardiac
growth factor signaling.42 Recently, PKG1a has been shown to
phosphorylate all three M-domain sites (S273, S282, S302) in
vitro, and also to increase S273 phosphorylation in response to
left ventricular pressure overload.43 Although AMPK has not
been found to phosphorylate cMyBPC specifically, it has been
implicated in the induction of hypertrophy and increase in
metabolic demand seen in hypertrophic cardiomyopathy.44

C4C5 samples treated with the above six kinases were used for
further mass spectrometry analysis because of their physio-
logical relevance.

Figure 1. cMyBPC phosphorylation status of WT/3SA mouse models
and KOFL/4SA-injected hearts. (A) Representative phospho-stained
(left) and Coomassie stained (right) cardiac myofibrils from WT and
3SA mouse lines. (B) Quantification of the relative protein
phosphorylation of WT and 3SA (n = 4). The intensity of the Pro-
Q-band was normalized to the Coomassie band intensity. (C)
Representative phospho-stained (left) and Coomassie stained (right)
cardiac myofibrils from KO hearts that were injected with FL (KOFL)
and 4SA AAV9 vectors. (D) Quantification of the relative protein
phosphorylation of KOFL and 4SA (n = 4). The intensity of the Pro-
Q-band was normalized to the Coomassie band intensity. Values are
expressed as mean ± SD. Significance was determined by a two-tailed
t test. * p < 0.05 versus either WT or KOFL group.
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Figure 2. Representative phospho-stain (A) and Coomassie stained (B) gels of the C4C5 domains of murine cMyBPC incubated in the presence
(+) and absence (−) of the corresponding kinase. Phospho-Tag Phosphoprotein Gel Stain from ABP Biosciences was used for these experiments.
(C) Averaged relative protein phosphorylation of C4C5 protein over a 3 and 6 h time course. Data were normalized to the initial incubation at 0 h.
Because the experiments were done separately for 3 and 6 h, statistical comparisons between 0 vs 3 h and 0 vs 6 h were made using a two-tailed t
test. * indicates statistical significance (p < 0.05). Data presented as mean ± SEM (n = 3−4).

Table 1. Unique Phosphopeptides Identified in the C4C5 Domains of Murine cMyBPCa

site phosphopeptide sequence peptide start−end [M + H] m/z z
Δm,
ppm

retention time
(min)

S546 (MoHHHHHH)KLEVYQpSIADLAVGAK (Mo-His6- tags)
540−555

2754.30826 689.33294 4 0.61 86.3532

LEVYQpSIADLAVGAK 541−555 1656.82443 828.91739 2 1.85 82.4590
LEVYQpSIADLAVGAKDQAVFK 541−561 2345.17885 782.39719 3 −0.78 84.6745
EVYQpSIADL 542−550 1117.48130 559.24424 2 −0.08 74.6395
EVYQpSIADLAVGAKDQAVF 542−560 2103.99983 1052.50322 2 −0.32 91.9885
QpSIADL 545−550 726.30696 726.30740 1 0.6 51.1828
QpSIADLAVGAKDQAVF 545−560 1712.82549 856.91466 2 −2.02 76.7837

S565 CEVpSDENVR 562−570 1187.43984 594.22253 2 −1.73 20.8818
S589 IKVpSHIGR 586−593 989.52919 495.26789 2 −0.7 18.0036
T603 LTIDDVpTPADEADYSFVPEGFACNLSAK 597−624 3125.36970 1042.45863 3 −2.68 98.0686

VHKLTIDDVpTPADEADYSFVPEGFACNLSAK 594−624 3489.59199 1163.87176 3 2.51 81.6246
T603/
S611

VHKLTIDDVpTPADEADYpSFVPEGFACNLSAK 594−624 3569.55832 1190.52603 3 1.46 87.0161

S650 IHLDCPGpSTPDTIVVVTGNK 643−662 2203.04646 735.02074 3 0.55 62.7145
S670 RLDVPIpSGDPAPTVVW 664−679 1801.88843 901.44765 2 −0.22 88.1645
T676 RLDVPISGDPAPpTVVW 664−679 1801.88843 901.44765 2 2.32 43.4000

LRLDVPISGDPAPpTVVWQK 663−681 2171.12603 724.38000 3 0.96 77.6799
LDVPISGDPAPpTVVWQK 665−681 1901.94086 951.47300 2 −1.12 78.5432

T682 LRLDVPISGDPAPTVVWQKpTVTQGK 663−687 2785.46481 929.15801 3 −1.92 70.6261
LDVPISGDPAPTVVWQKpTVTQGK 665−687 2516.27963 839.43192 3 0.63 69.5547

S690 QKTVTQGKKApSAGPHPDAPEDAGADEEW 680−707 3000.33710 1000.78296 3 −0.93 34.2941
KApSAGPHPDAPEDAGADEEWVFDK 688−711 2619.10352 873.70460 3 −1.63 56.7572
KApSAGPHPDAPEDAGADEEWVFDKK 688−712 2747.19848 687.55546 4 0.55 48.9652
ApSAGPHPDAPEDAGADEEWVFDK 689−711 2491.00855 831.00814 3 0.53 64.3351

T717 LLCEpTEGRVR 713−722 1312.60791 656.80736 2 −0.36 27.2343
S730 DRpSVFTVEGAEKEDEGVYTVTVK 728−750 2638.22838 880.08273 3 1.99 62.1456
T733 SVFpTVEGAEKEDEGVYTVTVK 730−750 2367.10033 789.70401 3 −1.21 68.0653
aA total of 26 unique phosphopeptides were identified. The sequence numbering is based on the reference sequence UniProtKB O70468. The
T603 (LTI···SAK) peptide was found twice, so the Δm and retention times from the first experiment are reported. The second experiment showed
the same values except for a Δm of −3.74 ppm and 90.9 min retention time. T676 (RLDVPISGDPAPpTVVW) peptide retention time is from the
PRM analysis, and the chromatography for this experiment is shorter than the data-dependent acquisition (DDA) analysis. Mo indicates oxidized
methionine, which adds ∼16 Da. Because we reduce and alkylate with iodoacetamide in our protein samples, carbamidomethyl groups (∼57 Da)
are added on peptides containing cysteine residues. [M + H] indicates the peptide mass. m/z indicates mass to charge ratio or observed mass. z
indicates charge. Δm (ppm) is the deviation of the observed mass from the theoretical mass of the peptide. ppm indicates parts per million.
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Liquid Chromatography with Tandem Mass Spec-
trometry (LC-MS/MS). Six kinase-treated and six control
bands were washed. Then half of each sample was digested
with trypsin, and the other half was digested with
chymotrypsin. All of the digests were analyzed by capillary
column LC-MS/MS (Figure S4), and the tryptic data was
searched against the E. coli UniProtKB database that also
contained the sequence of the expressed form of the C4C5
fragment of mouse MyBPC (Table S4). These searches
confirmed the C4C5 fragment of cMyBPC as the most
abundant component of these samples. A range of 4−90 E. coli
proteins were also identified, and the most abundant E. coli
protein was identified as FKBP-type peptidyl-prolyl cis−trans
isomerase SlyD (5−7 peptides covering 42−69% of the protein
sequence). For the identification of PTMs, the data from the
tryptic and chymotryptic digests were searched specifically
against the sequence of the C4C5 fragment of cMyBPC and
100% of the protein sequence was positively identified. The
specific numbers of identified tryptic and chymotryptic
peptides of the C4C5 domains, E. coli proteins and their
respective sequence coverage are summarized in the Table S4.
Identification of Specific Phosphorylated Residues.

The data from the trypsin and chymotrypsin digests were
searched considering phosphorylation at serine (S), threonine
(T), and tyrosine (Y) residues as a variable modification. For
enhanced clarity, “human” designation (h) is made after any
residue numbers derived from the human cMyBPC sequence
(UniProtKB Q14896. or NP_032679.2). From our study, 26
unique phosphorylated peptides with 13 different phosphor-
ylation sites were identified (Table 1). The 8 phosphorylation
sites that were previously identified in the C4C5 domains are
summarized, along with our findings, in Table 2 to facilitate
their comparison.25,45−48 Phosphorylation sites that are not
conserved between human and mouse are shaded in gray

(Table 2). From our mass spectrometry results, we confirmed
phosphorylation at S546, T603, and S690 but did not identify
phosphorylation on the Y544 and T602 (h) sites. We were
unable to confirm phosphorylation on S588 (h), T708 (h), or
T691 as these sites did not have conserved amino acids. We
identified 10 additional phosphorylation sites that have not
been characterized in the literature and appear to be novel.
These include S565, S589, S611, S650, S670, T676, T682,
T717, S730, and T733 (Table 1). No phosphorylation sites
were found in the linker region. However, T682 and S690 sites
were near or in the cardiac-specific C5 loop region.
These novel phosphorylation sites are scattered throughout

the C4C5 domains with three located in the C4 domain and
seven in the C5 domain (in addition to the previously known
sites S546 and T603 in C4 and S690 in C5). Each of the
representative unique phosphopeptides and all of their CID
spectra were manually validated for their sequence and
phosphorylation status (Figure S5). RSK2 phosphorylated 12
of 13 sites; PKA, AMPK, and PKG1 each phosphorylated 11 of
13 sites; PKD2 phosphorylated 8 of 13 sites; and CK2
phosphorylated 4 of 13 sites. The XCorr scores for each of the
peptides and kinases are given in Table S549

Parallel Reaction Monitoring (PRM) Experiments. The
degree of phosphorylation at each site can be used as a
measure of kinase specificity. The relative abundance of
phosphopeptides was determined by performing targeted PRM
experiments (Figure S6, Table S6). The presence of
phosphopeptides in the control samples may be attributable
to endogenous kinases in the bacterial system;50,51 however,
the relative abundance of those peptides are very low. All
peptides presented in Table 1 were targeted in this analysis.
Chromatograms for the phosphorylated and unmodified forms
of each peptide were plotted for each kinase- and control-
treated sample, and the relative abundance of each peptide was

Table 2. All 18 Known Phosphorylation Sites in the C4C5 Domains of cMyBPCa

human mouse

domain site reference site reference overall count

C4 Y548 Schumacher et al., 200745 Y544 Lundby et al., 201347 1
S550 PhosphoSitePlus46 S546 Huttlin et al., 2010,48 Lundby et al., 2013,47 this study 2
S569 S565 this study 3
S588 PhosphoSitePlus46 N584 4
S593 S589 this study 5
T602 Kooij et al., 201325 T598 6
T607 Kooij et al., 201325 T603 Lundby et al., 2013,47 this study 7
S615 S611 this study 8

C5 R654 S650 this study 9
S674 S670 this study 10
T680 T676 this study 11
A686 T682(loop) this study 12
P694 S690(loop) Huttlin et al., 2010,48 this study 13
A695 A/T691#(loop) Huttlin et al., 201048 14
T708* Kooij et al., 201325 D704 15
T721 T717 This study 16
S734 S730 This study 17
T737 T733 This study 18

aMouse residue numbers of Lundby et al., 201347 and our study are from the reference sequence UniProtKB O70468, and human residue numbers
of the Kooij et al., 201325 study are from the reference sequence UniProtKB Q14896. The sources of the reference sequence for Huttlin et al.,
2010,48 Schumacher et al., 2007,45 and PhosphoSitePlus v.6.6.0.246 could not be confirmed. Bold font indicates that the residue is not conserved
compared to the other species. (loop) indicates that these phosphorylation sites are in or near the cardiac-specific loop region of the C5 domain. #
indicates that residue 691 is a threonine in the reference sequence NP_032679.2, but it is an alanine residue in the sequence used in our study.
There are no known phosphorylation sites on the linker between C4 and C5 domains.
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determined by calculating the peak area (PA) ratios:
PAphosphorylated peptide/(PAphosphorylated peptide + PAunmodified peptide)
(Table S7). Because of the differences between ionization
efficiencies of the unmodified and phosphorylated peptides, as
well as digestion patterns between the kinase- and control-
treated samples, the PA ratios were used only as an estimate,
not an absolute measurement, of phosphorylation. In our gross
screening comparisons of the abundances of different peptides,
the PA ratios were used to identify post-translational
alterations that had a large magnitude of change. Most
peptides phosphorylated by PKD2 and CK2 were in very low
abundance (Table S7). However, PKA-targeted phosphor-
ylation of S690 and S546, as well as the PKG1-targeted
phosphorylation of S589 and S690 showed the highest PA
ratios among any kinase-site pairs (Table S7). Since PKA and
PKG1 are known to be physiologically important, we sought to
study them in more detail.24,25,33,43,52 To this end, four sites
(S690, S589, S546, and S730) were selected for further
analysis.
C4C5 Phospho Mutant Experiments Using PKA and

PKG1. Three C4C5 phospho-ablated mutant constructs with
1A (S690A), 2A (S690A and S589A), and 4A (S690A, S589A,
S546A, and S730A) substitutions were generated. They were
purified (>90−95% purity), confirmed to be well-structured
and folded properly via circular dichroism (Figure S3, Table
S1), and incubated with PKA and PKG1. In order to
determine the contributions of each site, normalized ratios of
kinase-treated to control sample of each protein construct
(C4C5, 1A, 2A, and 4A) were calculated and compared using a
one-way ANOVA followed by a Tukey’s pairwise multiple
comparison test (Figure 3). The PKA results showed the
largest decline in the normalized relative phosphorylation level
in the 1A (0.29 ± 0.09) vs C4C5 construct (1.00 ± 0.21),
signifying that the single S690A mutation ablated most of the
phosphorylation induced by PKA. Although the individual
ablations at site S589 or combined sites S546/S730 did not
reach statistical significance (1A vs 2A and 2A vs 4A, ns for
both), the ablation of all three sites together significantly
reduced phosphorylation levels from the baseline (0.29 ± 0.09
for 1A vs −0.05 ± 0.05 for 4A, p < 0.05). In the PKG1-treated
samples, an even greater decline in the relative protein
phosphorylation level in the 1A vs C4C5 construct was seen
(0.20 ± 0.03 for 1A vs 1.00 ± 0.26 for C4C5, p < 0.05),
indicating that the S690A mutation ablated ∼80% of the

PKG1-induced phosphorylation in the C4C5 domains. Addi-
tional ablations at S589, S546/S730, or a combination of all
three did not yield statistically significant decreases in
phosphorylation (Figure 3C).
While there may be many potential phosphorylatable sites in

the C4C5 domains, the predominant PKA-induced C4C5
phosphorylation seems to be from S690 (∼71%), with minor
contirbutions from the combined phosphorylation at S589,
S546, and S730 sites (∼29%). Furthermore, ∼80% of PKG1-
induced C4C5 phosphorylation seems to be at the site S690. It
is notable that the predominant site of PKA- and PKG1-
induced phosphorylation is S690, located in the cardiac-
specific loop region (VTQGKKASAGPHPDAPEDAG-
ADEEWVFD, UniProtKB O70468).
Although this major site of PKA and PRKG1 induced

phosphorylation in the mouse is not conserved with the human
sequence (ITQGNKAPARPAPDAPEDTGDSDEWVFD,
NP_000247.2), the sequence of the C5 domain’s loop region
in the mouse is fairly similar to that of the human, with 68%
sequence identity. Therefore, the phosphorylation at S690 still
likely has relevance and importance in human paysiology and
pathophysiology. In fact, the loop region in the human
contains S708 (h), which was found to be phosphorylated in
patients with end-stage heart failure, but not in heart samples
from healthy donors.25 Although there is mounting evidence
that there is an overall decrease in phosphorylation of cMyBPC
in heart failure,22 it seems plausible that dysregulated and
abnormal phosphorylation of cMyBPC could also contribute to
the disease state. In this case, a phosphorylation event of the
S690 site in mouse may serve the same purpose as the S708
site in human.

Additional Post-Translational (PTM) Modification
Analysis. In addition to phosphorylation sites on C4C5, the
LC-MS/MS results were also searched for carbamidomethy-
lation (oxidation) at M (methionine), acetylation at K (lysine),
citrullination at R (arginine), ubiquitination at K, and
methylation at K and R as variable modifications. This search
resulted in 8 unique acetylated peptides and 12 unique
ubiquitinated peptides, representing 6 acetylation and 11
ubiquitination sites in the C4C5 domains (Table S8). From
our C4C5 samples, citrullination and methylation at K and R
were not found. Although there have been reports of
acetylation of recombinant cMyBPC, most of the identified
sites are localized in the N-terminal domains and none have

Figure 3. (A) Phospho-stain (top) and coomassie (bottom) of control and PKA-treated C4C5, 1A, 2A, and 4A recombinant proteins. (B)
Phospho-stain (top) and coomassie (bottom) of control and PKG1-treated C4C5, 1A, 2A, and 4A recombinant proteins. Pro-Q Diamond
Phosphoprotein Gel Stain from Invitrogen was used for these experiments. (C) Scatter plot of normalized relative protein phosphorylation of
C4C5, 1A, 2A, and 4A constructs after a 6 h incubation with PKA and PKG1 (n = 3−4). Values are expressed as mean ± SD. Significance was
determined by one-way ANOVA with Tukey’s multiple comparisons test. * p < 0.05 versus C4C5 group.
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been found in the central domains of C4 and C5.7,53

Therefore, all 6 acetylation sites that were found in the
C4C5 domains in this study seem to be novel (K540, K555,
K561, K662, K681, and K711).
The PhosphoSitePlus database showed that there are six

known ubiquitination sites in and near the C4C5 domains
(K539-not in our construct but adjacent to the C4 domain,
K540, K561, K688, K711, and K712).46,54 From our LC-MS/
MS search, we were able to detect four of the previously
known sites (K540, K561, K688, and K712), while the
remaining seven sites appear to be novel (K555, K575, K578,
K596, K662, K681, and K739). As a comprehensive summary,
all known acetylation and ubiquitination sites in C4C5 are
listed in Table 3. The functions of these interesting PTMs are

not yet known, and more studies are necessary to elucidate
their importance. Each of the representative unique acetylated
and ubiquitinated peptides and their CID spectra were
manually validated (Figure S7).
Hypothesized Role of Phosphorylation and Other

PTMs in the C4C5 Domains. The extensive research on the
N-terminal C0C2 domains of cMyBPC supports the idea that
phosphorylation of the M-domain of cMyBPC is crucial for
cardiac contractile function and overall cardiac health.
cMyBPC phosphorylation facilitates actin−myosin interactions
and cross bridge kinetics by modulating the stability and
extensibility of the N-terminal domains.6,29,55,56 Specifically,
phosphorylation of the M-domain is thought to release myosin
heads from their interacting heads motif (IHM) or the super-

relaxed (SRX) state, aiding in the transition to the force
generating state.57−60

Our study and others have increasingly shown that there
may be other sites of important functional regulation, such as
the C4C5 domains. Most notably, the central region of
cMyBPC, including the C4 and C5 domains, is thought to
interact with IHM/proximal myosin S2 and be partly
responsible for maintaining myosin’s SRX state.58,61 The N-
terminal domains of cMyBPC are biased toward the actin
filaments in situ and may not lie along the surface of the thick
filament.61−63 Thus, these data imply that the central domains
may be responsible for, or at least aid in, stabilizing the SRX
state, if resulting from the IHM. Additionally, a recent study
utilizing microscale thermophoresis demonstrated that high
affinity interaction sites of myosin S1 are localized to the
cMyBPC central domains.32 Based on this finding, it seems
plausible that the central domains can play a central role in
modulating the SRX. Furthermore, phosphorylation of those
central domains could provide an additional layer of regulation
of cross bridge activation, potentially by releasing myosin
molecules from the IHM or the SRX state. We found that the
novel S690 site is targeted by potent and established regulators
of cMyBPC such as PKA and PKG1, which may underlie the
molecular basis for the changes observed in the SRX state.57,64

Other diverse PTMs in the C4C5 domains have been found
to regulate cMyBPC function. For example, it has been shown
that in vitro S-glutathionylation of cMyBPC at C627 and C655
(NP 032679.2) is correlated with increased myofilament Ca2+

sensitivity, slowing of cross-bridge kinetics, and diastolic
dysfunction.65,66 In addition, the residue R696 in humans
undergoes citrullination associated with protein dysfunction
and cardiovascular disease.67 R696 is located in the cardiac-
specific C5 loop region but is not conserved among either of
the two mouse sequences. Furthermore, the acetylation and
ubiquitination sites found in this study suggest that C4C5 may
play a role in cMyBPC proteolysis and degradation (Table 3,
Table S8).7,54,68 Thus, there is evidence that the C4C5
domains may be essential in integrating multiple PTM signals
and aiding in regulation of the downstream function of
cMyBPC.69 We speculate that these PTMs of cMyBPC
provide regulatory pathways that alter cardiac function when
activated in response to physiological and pathological stress
conditions. The physiological significance of our in vitro results
will need to be confirmed in in vivo settings. All known
phosphorylation, acetylation, and ubiquitination sites on the
C4C5 domains of mouse cMyBPC are listed in Table 2 and
Table 3, and a combined landscape of those three PTMs are
summarized in Figure 4.

■ CONCLUSIONS

This study characterized the phosphorylation, acetylation, and
ubiquitination sites in the C4 and C5 domains of mouse
cMyBPC. Our LC-MS/MS identified 10 novel phosphoryla-
tion sites, 6 novel acetylation sites, and 7 novel ubiquitination
sites on C4C5 (Table 1, Table S8). Many of the
phosphorylation sites identified were targeted by different
kinases (Table S7), but the mouse S690 site seemed to be the
primary target of both PKA and PKG1 (Figure 3). Addition-
ally, the presence of many of the PTMs in the cardiac-specific
loop of the C5 domain suggests that the loop could play an
important role in functional regulation.

Table 3. All Known Acetylation and Ubiquitination Sites in
the C4C5 Domains of Mouse cMyBPCa

domain site references

Acetylation
C4 K540 this study

K555 this study
K561 this study

C5 K662 this study
K681(loop) this study
K711(loop) this study

Ubiquitination
C4 (K539) Wagner et al., 201254

K540 Wagner et al., 2012,54 this study
K555 this study
K561 Wagner et al., 2012,54 this study
K575 this study
K578 this study
K596 this study

C5 K662 this study
K681(loop) this study
K688(loop) Wagner et al., 2012,54 this study
K711(loop) Wagner et al., 201254

K712(loop) Wagner et al., 2012,54 this study
K739 this study

aNo acetylation sites were found in the C4C5 domains of human
cMyBPC based on PhosphoSitePlus v.6.6.0.2.46 Some ubiquitination
sites on C4C5 domains were previously described by Wagner et al.,
2012.54 Although the Ub-K539 site was not included in the C4
domain as per our domain definition, we included it in this summary
because of its proximity to the C4 domain. (loop) indicates that the site
is in or near the C5 loop. In summary, there are 6 unique acetylation
sites and 13 unique ubiquitination sites in C4C5 domains.
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■ LIMITATIONS

Although steps were taken to minimize the limitations of our
study, there are a few worth mentioning. First, we prioritized
kinases that are known to be physiologically important and/or
have been shown to target MyBPC; however, it is possible that
we did not study all of the relevant kinases. For example,
although GSK3β has been implicated in MyBPC phosphor-
ylation, we were not able to obtain this kinase for the study.70

In addition, the long incubation times used to attempt maximal
phosphorylation of the substrates by kinases such as PKCα
may not be physiological. Although the sequence of mouse and
human cMyBPC in the C4C5 domains are quite similar
(∼92% identical), the differences may confer different kinase
specificity for phosphorylation. It is possible that in our
bottom-up LC-MS/MS analysis, the peptides containing the
PTMs may have been lost during the separation step, leading
to underestimation of the abundance of those peptides.71

Lastly, the functional roles of the PTMs in vivo and the

interactions that they have with each other will require further
study.

■ METHODS
Transgenic Animals and Ethical Approval. Non-

transgenic wild type (WT) mice with 129/Sv background
expressing full-length cMyBPC, cMyBPC knockout (KO)
mice, and transgenic mice expressing nonphosphorylatable
cMyBPC with serine to alanine substitutions at 273, 282, and
302 residues (ie, 3SA) were used in this study.9,72 cMyBPC
3SA mice were generated on the same KO background to
eliminate endogenous phosphorylation of the three afore-
mentioned sites. Mice, aged 6 to 9 months old, of both sexes
were used for WT, KO, and 3SA hearts in this study. All
procedures involving animal care and handling were reviewed
and approved by the Case Western Reserve University Animal
Care and Use Committee.

AAV9 Production and Administration. AAV9 pseudo-
typed vectors expressing full-length murine cMyBPC (KOFL)

Figure 4. Summary of the phosphorylation, acetylation, and ubiquitination landscape in the C4C5 domains of cMyBPC. (A) Collision-induced
dissociation (CID) spectra of a representative modified peptide containing the S690 phosphorylation site. A triply charged peptide with a mass of
873.704 Da was identified in the tryptic digest of C4C5 and is within −1.63 ppm of the expected mass for the KASAGPHPDAPEDAGADE-
EWVFDK + PO3 peptide. The CID spectra for this peptide contains several C-terminal y ions and the masses of these ions are consistent with the
modification at S690. (B) A molecular model of the C4C5 domains of mouse cMyBPC is shown with the S690 site and the kinases (PKA and
PKG1) targeting that site. Although the S589, S546, and S730 sites were also targeted by PKA, they are not represented in the model because of
their low contribution to the overall phosphorylation of C4C5. Linker and loop regions are labeled. (C) A sequence alignment of the C4C5
domains of human and mouse cMyBPC (UniProtKB Q14896 and O70468) with all known phosphorylation (18), acetylation (6), and
ubiquitination (13) sites in the C4 and C5 domains, excluding a nearby ubiquitination site at K539 (Wagner et al., 201254). The C4 domain is
defined as residues K540 to M628 and the C5 domain is defined as residues E639 to D766 in this study. Note that although residue 691 is an
alanine from our reference sequence, Huttlin et al., 201048 reported T691 phosphorylation in the reference sequence NP_032679.2. All PTMs are
bolded and underlined. Phosphorylation, acetylation, and ubiquitination sites are color coded as yellow, red, and blue, respectively. The sites
targeted by both acetylation and ubiquitination are highlighted gray. All six acetylated site were shared sites for ubiquitination, so red was not used
in the figure. From this study, 10 phosphorylation, 6 acetylation, and 7 ubiquitination sites found seem to be novel. The blue and orange shaded
areas represent the linker and the loop regions, respectively. * indicates sequence identity.
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and full-length murine cMyBPC with Ser-to-Ala substitutions
at sites 273, 282, 302, and 307 (4SA) were designed under the
control of a truncated chicken cardiac troponin T (cTnT)
promoter, which confers cardiac specificity to gene expres-
sion.73 Additionally, a c-Myc tag was included at the c-
terminus, i.e. pENN.AAV.cTNT.mMyBPC3 (KOFL or 4SA)-
cMyc.bGH. Vectors were produced by the Penn Vector Core,
Gene Therapy Program at the University of Pennsylvania
(Philadelphia, Pennsylvania, U.S.A.), as described previ-
ously.13,74 In short, the AAV vectors were generated by triple
transfection using (1) an AAV cis plasmid carrying a transgene
expression cassette flanked by the viral inverted terminal
repeats (ITRs), (2) an AAV trans plasmid encoding the AAV2
replicase and AAV9 capsid genes, and (3) a plasmid encoding
adenoviral genes providing helper functions for AAV
replication. HEK293 cells (American Type Culture Collection
[ATCC], Manassas, VA) were grown in 10-layered cell
factories and transfected using PEI-Max (Polysciences,
Warrington, PA). The vectors were purified from culture
media as described.74 The specific murine KOFL and 4SA
sequences used in this study are listed in Figure S1. Because of
the usage of an early mouse cMyBPC cDNA sequence (i.e.,
NM_008653.1), the KOFL sequence is identical to
NP_032679.2, except that it does not have the eight residue
N-terminal extension.75 Within 36 h of birth, neonatal pups
were anesthetized by hypothermia and injected intravenously
via the temporal facial vein with 2 × 1011 genome copies (GC)
using a 33 gauge needle in standard Biosafety Level 1 (BSL-1)
and Animal Biosafety Level 1 (ABSL-1) conditions. Six weeks
after the injection, hearts were excised under deep anesthesia
and immediately flash frozen and stored at −80 °C until use.
Sample Preparation of WT and 3SA Hearts and FL-

and 4SA-Injected Heart Tissue. Myocardial proteins were
analyzed as previously described.13,76 Briefly, hearts were
excised from mice anesthetized with 4% isoflurane, flash frozen
in liquid N2, and stored at −80 °C for later use. Sections were
taken from the ventricles of frozen hearts. Tissue was thawed
in relax solution and then mechanically homogenized.
Homogenized myofibrils were skinned for 15 min using 1%
Triton X-100 on a mechanical rocker and then centrifuged at
10 000g for 5 min. Myofibril pellets were resuspended in fresh
relax solution containing protease and phosphatase inhibitors
(PhosSTOP and cOmplete ULTRA Tablets; Roche Applied
Science, Indianapolis, IN, U.S.A.). Samples were kept on ice
throughout the procedure. The protein concentration of each
sample was determined by bicinchoninic acid (BCA) protein
colorimetric assay (Pierce BCA Protein Assay Kit, Thermo
Scientific). Samples were solubilized to a final concentration of
1× laemmli buffer (LB) with β-mercaptoethanol (BME) and 1
μg/μL of protein, heated at 95 °C for 5−10 min, and stored at
−20 °C.
Gene Synthesis and Protein Expression. pET-30a(+)

plasmid vector carrying DNA fragments of mouse cardiac
myosin binding protein C (cMyBPC) C4C5 domains tagged
with N-terminal His6-tags were obtained from GenScript
(Piscataway, NJ). The amino acid sequence of the C4C5
recombinant protein along with the three phospho-ablated
mutants (1A, 2A, and 4A) are provided in Figure S2. The three
C4C5 phospho-ablated mutant constructs have the following
substitutions: 1A (S690A), 2A (S690A and S589A), and 4A
(S690A, S589A, S546A, and S730A). Because of differences in
numbering of the human cMyBPC (NP 000247.2 with 1274
residues) and two different mouse cMyBPC (UniProtKB/

SwissProt O70468 with 1270 residues and NP 032679.2 with
1278 residues) sequences in various papers, the reference
sequence will be specified as needed. Representative human
and mouse C4C5 domains’ sequences were aligned and
compared using Clustal Omega.77

E. coli BL21 Star (DE3) cells were transfected with the
above plasmid vectors using heat shock and grown on agar
plates. E. coli pilot culture was grown in lysogeny broth (LB) -
Miller formulation (10 g/L tryptone, 5 g/L yeast extract, 10 g/
L NaCl) containing kanamycin (34 μg/mL working concen-
tration) at 37 °C/225 rpm on a MaxQ 4000 Benchtop Orbital
Shaker for 16 h. 15% glycerol stocks of each construct were
made, flash frozen in liquid N2, and stored at −80 °C for
subsequent steps. The pilot 50 mL culture was diluted into 1 L
of the same growth medium and continued to incubate for 3−
5 h at 37 °C shaken at 225 rpm until OD600 nm was
approximately 1.0. At that time, the culture was cooled down
on ice for 30 min, and 0.5 mM isopropyl β-D-1-
thiogalactopyranoside (IPTG) was added. The expression of
the recombinant C4C5 was induced overnight at 16 °C with
shaking at 225 rpm. The cells were harvested by centrifuging at
6000 rcf at 4 °C for 10 min, and the pellet was resuspended in
25 mL of cold lysis buffer (20 mM HEPES pH 7.5, 500 mM
KCl, 10 mM Imidazole, 1 mM 4-(2-aminoethyl) benzene-
sulfonyl fluoride hydrochloride(AEBSF)), flash frozen in liquid
N2, and stored at −80 °C until purification.

Recombinant Protein Purification. The frozen cells were
thawed in RT (∼21 °C) and resuspended in about 50 mL of
cold lysis buffer plus a protease tablet (cOmplete ULTRA
Tablets, Mini, EDTA-free EASYpack protease inhibitor
cocktail, Roche). The cells were lysed with the Avestin
Emulsiflex C3 homogenizer (ATA Scientific) at a pressure of
10 000−15 000 psi at 4 °C. The cell homogenates were
clarified at 50 000 rpm at 4 °C using the Beckman Coulter
Optima L-100 XP Ultracentrifuge with Type 70 Ti Rotor for 1
h. The supernatant was incubated with HisPur Ni-NTA Resin
that was prewashed in wash buffer (20 mM HEPES pH 7.5,
500 mM KCl, and 50 mM Imidazole) on a rocker for 2−3 h at
4 °C. Proteins were placed in a 15-mL gravity flow column
(Econo-Pac Chromatography Column) and washed with 10−
15 mL of wash buffer. The His6-tagged recombinant proteins
were eluted from the column using a total of 4 mL of elution
buffer (20 mM HEPES pH 7.5, 500 mM KCl, and 250 mM
250 mM imidazole). Because of the high purity at this stage, all
fractions were collected and concentrated using a centrifugal
concentrator (Amicon Ultra Centrifugal Filter Unit, 10 kDa
molecular weight cut off) according to manufacturer’s
instructions. The concentration was determined by UV
absorbance at 280 nm (A280) using the Beckman Coulter
DU 800 Spectrophotometer corrected for background light
scattering and the theoretical extinction coefficient calculated
from ExPASy ProtParam tool.78 An appropriate amount of
protein sample was injected in the NGC Medium-Pressure
Liquid Chromatography System with an ENrich High-
Resolution Size Exclusion Column 70 (10 × 300 mm, BioRad)
equilibrated in HEPES buffered saline (HBS) (20 mM HEPES
pH 7.5, 150 mM NaCl). All fractions containing C4C5
constructs were collected and pooled. The final stock protein
concentration was determined by UV absorbance at 280 nm as
described above. Purified proteins were >90−95% pure by
Coomassie staining. All experiments were done with fresh
protein samples within 1 week of purification or immediately
after thawing from −80 °C.
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Far-UV Circular Dichroism (CD) Spectroscopy. The CD
spectra of the C4C5, 1A, 2A, and 4A constructs were recorded
on the Jasco J-1500 CD Spectrophotometer with a quartz
cuvette with a 0.1 cm path length. The cuvette was cleaned
with 2 M nitric acid, rinsed with water, and dried with nitrogen
gas after each day of use. All of the proteins were dialyzed in
boric acid-sodium fluoride buffer, pH 7.4 (10 mM boric acid,
150 mM NaF). Protein concentrations were determined by
UV absorbance at 280 nm with baseline correction at 340 nm
via NanoDrop 2000 Spectrophotometer (Thermo Scientific).
An initial protein concentration of 0.20 mg/mL was used for
all groups, and the exact concentration for MRE calculations
was obtained after each trial: 0.161 ± 0.004 mg/mL for C4C5,
0.197 ± 0.14 mg/mL for 1A, 0.209 ± 0.018 for 2A, and 0.205
± 0.008 for 4A (n = 3 for each). The CD measurements were
taken at 37 °C with the following settings: wavelength range of
260−180 nm, bandwidth of 1 nm, step size of 1 nm, averaging
time of 5 s, D.I.T. of 2 s, and scanning speed of 100 nm/min.
Each experiment consisted of three trials with 3 accumulations
each. All accumulations were averaged, and then background
corrections were done by subtracting the spectra of the boric
acid- NaF buffer. Mean residue ellipticity or [θ]MRE
(deg*cm2*dmol−1) was calculated using the following formula:
[θ]MRE = (θobs * MRW)/(10 * l * c), where θobs is the raw CD
signal in milli-degrees, l is the path length in cm, and c is the
concentration in mg/mL. MRW or mean residue weight is M/
(N−1), where M is the molecular weight in g/mol, and N is
the number of amino acids. No smoothing was necessary. The
raw MRE traces were analyzed by BeStSel79 and CDSSTR
(reference set 7) algorithms.80 The MRE data were averaged
together and graphed using GraphPad Prism 6.
In Vitro Kinase Assays of the C4C5 Domains. To study

the phosphorylation of the C4C5 protein, the protein was
incubated in various kinases per 100 μL incubation volume in
37 °C for 3 and 6 h. The kinases used with their full protein
names, gene symbol, manufacturer information, as well as
protein substrate:kinase concentration ratios, are shown in
Table S2 and Table S3. Control samples were incubated under
identical conditions, without the addition of kinase. Briefly,
component stocks were mixed sequentially on ice: water, 100
mM adenosine-5′-triphosphate (ATP) pH 7.5 stock, 10×
protease and phosphatase inhibitor stock, HBS buffer with 1
mM Dithiothreitol (DTT), and 10× cofactor stocks according
to manufacturer’s instructions. Final incubation formulation
consisted of 1 μg/μL protein, 2 mM ATP pH 7.5, HBS with
DTT, 1× protease and phosphatase inhibitor cocktail, and
cofactors. After equilibrating each sample tube at 25 °C, C4C5
was put in each tube. Next, each kinase was mixed with the rest
of the sample, and transferred to 37 °C. At 3- and 6-h time
points, the kinase reactions were terminated by adding 2x LB
with BME. The samples were vortexed, heated at 90 °C for 10
min, and stored at −20 °C. For kinase experiments of the
phospho-ablation mutants (1A, 2A, and 4A), a similar
incubation strategy was used except for a substitution of cyclic
guanosine-3′,5′-monophosphate (cGMP) with 100 μM 8-
Bromo-cGMP (8Br-cGMP) stock and homemade 3× LB with
BME.
SDS-PAGE and Coomassie Staining. For solubilized

myofibril samples, 5 μg/lane was loaded on sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gels
and electrophoretically fractionated using 4−12% TruPAGE
Precast Gels (Sigma-Aldrich) at 180 V for 35 min or hand-cast
6% Tris-Glycine gels at 175 V for 50 min. For kinase-treated

and control C4C5 samples, 3 μg protein/lane were loaded on
4−12% TruPAGE Precast Gels and separated at 175 V for 45
min. For the phospho-ablation mutant samples (1A, 2A, and
4A), 4−12% TruPAGE Precast Gels at 180 V for 35 min were
used.
Total phosphorylation level was measured using Phospho-

Tag Phosphoprotein Gel Stain (ABP Biosciences) or Pro-Q
Diamond Phosphoprotein Gel Stain (Invitrogen), imaged
using the GE Healthcare Typhoon Trio Variable Mode Imager
System. For total protein level determination, the gel was
counterstained with GelCode Blue Stain Reagent (Thermo
Scientific) or a “Blue silver” colloidal Coomassie formulation
(10% phosphoric acid, 10% ammonium sulfate, 0.12% G-250
dye, and 20% methanol).81 Coomassie was imaged using the
Azure Biosystems c600 Imaging system. The total phosphor-
ylation levels of myofilament proteins from the phospho-stain
densities were normalized to the total protein expression levels
from the corresponding density band from the Coomassie
stain. The total phosphorylation/total protein ratio of the
kinase lane was divided by the total phosphorylation/total
protein ratio of the corresponding control lane to obtain the
normalized phosphorylation level of the kinase lane. The
normalized phosphorylation levels of each kinase were
averaged among the n = 3 and n = 4 technical replicates for
the 3 and 6 h samples, respectively. Densitometric scanning of
stained gels was performed using ImageJ software available
from the U.S. National Institutes of Health, Bethesda, MD,
U.S.A.82

In order to quantify the phosphorylation status of the
phospho-ablated mutant C4C5 constructs, the total phosphor-
ylation was first normalized to its total protein as described
above. These raw ratios of control and kinase samples were
compared using a two-tailed t test. Then, the phosphorylation
ratio was normalized to the corresponding control lane that
was not incubated with any kinase (ie. phospho kinase-treated/
phospho control-treated, double normalized). To compare the
contribution of each site to the total kinase-induced
phosphorylation level of C4C5, each phospho mutant (1A,
2A, and 4A) was expressed as a percentage of the total C4C5
phosphorylation level (e.g., phospho 1A/phospho C4C5).

Tryptic Digestion. For mass spectrometry analysis, a
subset of our kinase and control samples were run on SDS-
PAGE, stained with GelCode Blue Stain Reagent (Thermo
Scientific), and destained with Milli-Q water overnight as
described above. The samples included were those treated with
ribosomal protein S6 kinase A3 (RSK2), cAMP dependent
protein kinase (PKA), protein kinase cGMP-dependent 1
(PKG1), AMP-activated protein kinase (AMPK), protein
kinase D2 (PKD2), and casein kinase 2 (CK2). Each band
contained 3 μg of the C4C5 protein. The protein samples were
subjected to in-gel digestion. In brief, a small band around the
bait protein was cut from the gels, minimizing excess
polyacrylamide. These bands were washed in 50% ethanol
and 5% acetic acid. For the protein digestion, these bands were
divided into a number of smaller pieces. The gel pieces were
washed with water, dehydrated in acetonitrile, and dried in a
SpeedVac evaporator. The bands were then reduced with DTT
and alkylated with iodoacetamide prior to the in-gel digestion.
All bands were digested in-gel by adding 5 μL of 10 ng/μL
trypsin or chymotrypsin, in 50 mM ammonium bicarbonate,
followed by incubation overnight at room temperature. The
peptides that were formed were extracted from the
polyacrylamide into two aliquots of 30 μL in 50% acetonitrile
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and 5% formic acid. These extracts were combined and
evaporated to <10 μL in a SpeedVac evaporator and then
resuspended in 1% acetic acid to make up a final volume of
∼30 μL for LC-MS/MS analysis. No tryptic phosphopeptide
enrichment was done.
Liquid Chromatography with Tandem Mass Spec-

trometry (LC-MS/MS) and Parallel Reaction Monitoring
(PRM) Experiments. The LC-MS/MS system was a Thermo
Scientific Finnigan LTQ Obitrap Elite hybrid mass spectrom-
eter system or the Thermo Scientific Orbitrap Fusion Lumos
Tribrid mass spectrometer system, coupled with the Dionex
UltiMate 3000 nanoflow HPLC. The HPLC system used the
Thermo Scientific Acclaim PepMap 100 trapping precolumn
cat. no. 164564 (100 μm internal diameter × 2 cm column
length, C18 stationary phase, 5 μm particle size, 100 Å pore
size) followed by the Acclaim PepMap100 analytical column
cat. no. 164569 (75 μm i.d. × 25 cm, C18, 3 μm, 100 Å). 5 μL
volumes of the extract were injected, and the peptides eluted
from the column in an acetonitrile/0.1% formic acid gradient
at a flow rate of 0.3 μL/min were introduced into the source of
the mass spectrometer online. The microelectrospray ion
source was operated at 1.9 kV.
The digest was analyzed in both a survey manner and a

targeted parallel reaction monitoring (PRM) manner. The
survey experiments were performed using the data-dependent
multitask capability of the instrument acquiring full scan mass
spectra to determine peptide molecular weights and product
ion spectra to determine amino acid sequence in successive
instrument scans. For the Orbitrap Elite experiments, MS1
scans were taken in the Orbitrap at a resolution of 60 000, and
a top 10 data-dependent strategy was used for MS/MS analysis
which was performed by collision induced dissociation (CID)
and detected in the ion trap. For the Lumos experiments, MS1
scans were taken in the Orbitrap at a resolution of 120 000,
and a 3-s cycle time was used for MS/MS analysis, which was
performed by CID and detected in the ion trap.
The LC-MS/MS data searches were performed, utilizing the

program Sequest bundled into Proteome Discoverer v2.3,
against the full E. coli BL21 UniProtKB database (downloaded
in April 2021, 4156 entries) and specifically against the
sequence of the recombinant mouse C4C5 domains of
cMyBPC. The parameters used in these searches include 10
ppm MS1 (peptide) mass tolerance, 0.6 Da MS/MS (fragment
ion) mass tolerance, full and semiprotease specificity for
trypsin and chymotrypsin, respectively, with 3 and 4 missed
cleavages for trypsin and chymotrypsin, respectively. For all
searches, carbamidomethylation of cysteine was considered a
static modification; the oxidation of methionine, phosphor-
ylation at serine, threonine, and tyrosine, acetylation at lysine
(K), citrullination at arginine (R), ubiquitination at K, and
methylation at K and R were considered as variable or dynamic
modifications. The E. coli database search results were filtered
using the Percolator node in Proteome Discoverer to a
peptide- and protein-level FDR rate <1% using a target decoy
strategy, and at least three peptides were required for protein
identification. For specific searches for the C4C5 domains of
cMyBPC, the Fixed Value PSM validator node was used. All
positively identified modified peptides were manually
inspected and validated to have a monoisotopic mass <5
ppm of theoretical mass, comprised of a majority of major ions
mapped to either y or b ions, and contain ions that are
consistent with the identified modification.

The PRM experiments involve the analysis of specific
cMyBPC peptides including the phosphorylated and unmodi-
fied forms of several tryptic and chymotryptic peptides.83,84

The chromatograms for these peptides were plotted based on
known fragmentation patterns and the peak areas of these
chromatograms were used to determine the extent of
phosphorylation.

C4C5 Molecular Modeling and Figure Rendering. In
order to create a C4C5 model, a literature search of the Protein
Data Bank (PDB) was done,85 and available experimental
structures were identified: 2DLT (mouse, fast isoform, DOI
10.2210/pdb 2DLT/pdb) and 2YUZ (human, slow isoform,
DOI 10.2210/pdb 2YUZ/pdb) for the C4 domain and
1GXE31 (human, cardiac isoform, DOI 10.2210/pdb 1GXE/
pdb) for the C5 domain. The most representative NMR
models of 2DLT and 1GXE (model 2 for both) were selected
for further modeling using an analysis of NMR structure
ensembles (OLDERADO).86 Template-based homology mod-
eling of the mouse cMyBPC C4 and C5 domains were done
with the I-TASSER server87 using the mouse cMyBPC
sequence (UniProtKB Accession No. O70468). The specific
amino acids used in the modeling process were identical to the
recombinant protein constructs without the N-terminal
methionine and His6-tags. The C4 and C5 domains were
separated and iteratively refined using locPREFMD,88 Galaxy
WEB,89 and MolProbity90 to reduce steric clashes and to
improve protein geometry and global/local conformations.
The linker region between C4 and C5 was also modeled using
I-TASSER and refined as described above. In order to connect
the C4 and C5 domains through the linker region, the
overlapping regions of C4 domain/linker and linker/C5
domain were aligned with each other. Then, the linker peptide
was truncated and each side of the truncated linker peptide was
manually connected using the “bond” command in The
PyMOL Molecular Graphics System (version 2.4.1. Schrö-
dinger, LLC). Molecular models and related images were
rendered using PyMOL

Data and Statistical Analysis. Comparisons of protein
phosphorylation levels for the 3SA and 4SA samples were
performed using a two-tailed t test. Comparisons of secondary
structures were performed using a one-way ANOVA followed
by the Dunnett multiple comparison test. Comparisons of
different groups in the phospho mutant measurements were
performed using a one-way ANOVA followed by a post hoc
Tukey’s multiple comparison test. Values are reported as mean
± standard deviation (SD) unless mentioned otherwise. The
criterion for statistical significance was set at p < 0.05. All
statistical analysis were performed using GraphPad Prism
Software version 6.01, La Jolla California U.S.A., www.
graphpad.com.
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