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Heart failure (HF) is a leading cause of morbidity and
mortality worldwide and is most often precipitated by
myocardial infarction. However, the molecular changes
driving cardiac dysfunction immediately after myocardial
infarction remain poorly understood. Myofilament pro-
teins, responsible for cardiac contraction and relaxation,
play critical roles in signal reception and transduction in
HF. Post-translational modifications of myofilament pro-
teins afford a mechanism for the beat-to-beat regulation
of cardiac function. Thus it is of paramount importance to
gain a comprehensive understanding of post-translational
modifications of myofilament proteins involved in regulat-
ing early molecular events in the post-infarcted myocar-
dium. We have developed a novel liquid chromatography–
mass spectrometry-based top-down proteomics strategy
to comprehensively assess the modifications of key car-
diac proteins in the myofilament subproteome extracted
from a minimal amount of myocardial tissue with high

reproducibility and throughput. The entire procedure, in-
cluding tissue homogenization, myofilament extraction,
and on-line LC/MS, takes less than three hours. Notably,
enabled by this novel top-down proteomics technology,
we discovered a concerted significant reduction in the
phosphorylation of three crucial cardiac proteins in
acutely infarcted swine myocardium: cardiac troponin I
and myosin regulatory light chain of the myofilaments
and, unexpectedly, enigma homolog isoform 2 (ENH2) of
the Z-disc. Furthermore, top-down MS allowed us to com-
prehensively sequence these proteins and pinpoint their
phosphorylation sites. For the first time, we have charac-
terized the sequence of ENH2 and identified it as a phos-
phoprotein. ENH2 is localized at the Z-disc, which has
been increasingly recognized for its role as a nodal point
in cardiac signaling. Thus our proteomics discovery
opens up new avenues for the investigation of concerted
signaling between myofilament and Z-disc in the early
molecular events that contribute to cardiac dysfunction
and progression to HF. Molecular & Cellular Proteomics
13: 10.1074/mcp.M114.040675, 2752–2764, 2014.

Despite recent advances in the treatment of heart failure
(HF),1 this devastating syndrome remains a leading cause of
morbidity and mortality worldwide and imposes a significant
economic burden, especially on developed countries (1–3).
The most common cause of HF, myocardial infarction (MI),
induces left ventricular (LV) remodeling characterized by
chamber dilation and hypertrophy of the non-infarcted (re-
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mote) myocardium, which is ultimately maladaptive, leading
to depressed global contractility and predisposing the heart to
failure (4). Current treatments for HF have primarily focused
on symptom management after the occurrence of irreversible
remodeling and functional impairment, which only delays the
syndrome (1). Understanding the molecular mechanisms driv-
ing cardiac dysfunction at the early stages could enable the
development of therapeutic interventions to prevent the onset
of HF. However, the molecular changes that occur immedi-
ately after MI but prior to the maladaptive remodeling remain
poorly understood (5).

Myofilaments are responsible for cardiac contraction and
relaxation and play a central role in myocardial pathophysiol-
ogy (6, 7). Moreover, recent evidence suggests that cardiac
myofilaments have a critical role in signal reception and trans-
duction in HF (8, 9). Myofilaments consist of thin filament
proteins, which include actin, tropomyosin (Tm), and the tro-
ponin (Tn) complex (TnI, TnT, and TnC), and thick filament
proteins including myosin (S-1 head domain, S-2 rod domain,
essential light chain, and regulatory light chain (MLC2)), as
well as a number of accessory proteins such as myosin bind-
ing protein C (6, 10–12). In addition to these major myofila-
ment proteins, a significant number of proteins have been
identified in the cardiac myofilament subproteome (13). Car-
diac contraction requires the integrated activity of highly co-
ordinated protein–protein interactions among myofilament
proteins in the sarcomere (6, 8, 9). Post-translational modifi-
cations (PTMs) and mutations of myofilament proteins can
change these protein–protein interactions, thereby altering
cardiac contractility. Thus, it is of paramount importance to
gain a comprehensive understanding of the PTM changes of
myofilament proteins in the regulation of early molecular
events in contractile dysfunction immediately after acute
myocardial infarction (AMI).

Top-down mass spectrometry (MS) (12, 14–22) has unique
advantages for the comprehensive assessment of protein
modifications through the detection and quantification of all
proteoforms (a unified term used to define all of the different
molecular forms arising from PTMs, mutations or polymor-
phisms, and alternative splicing events (23)). Subsequently,
the modification sites can be precisely localized via MS/MS
including but not limited to collisionally activated dissociation
(CAD) and electron capture dissociation (ECD) (12, 14–22, 24,
25). We have successfully developed a novel liquid chromato-
graphy–mass spectrometry (LC/MS)-based top-down quanti-
tative proteomics strategy to assess the concerted changes in
myofilaments and their associated proteins in the myofilament
subproteome. Specifically, we have rapidly separated and
quantified intact proteins extracted from a minimal amount of
myocardial tissue (�500 �g of tissue per experiment) by
means of LC/MS with high reproducibility and throughput.
Notably, we discovered a concerted significant reduction in
the phosphorylation of three crucial cardiac proteins in
acutely infarcted myocardium using a clinically relevant swine

AMI model (26): a thin filament regulatory protein, cardiac TnI
(cTnI); a thick filament regulatory protein, MLC2; and, unex-
pectedly, a critical Z-disc protein, enigma homolog isoform 2
(ENH2). Subsequently, we unambiguously localized the phos-
phorylation sites of these three important proteins using ECD.
Particularly, for the first time, we comprehensively sequenced
swine ENH2 by means of top-down MS and identified it as a
phosphoprotein with its phosphorylation site precisely pin-
pointed. ENH2 belongs to the PDZ-LIM protein family that
co-localizes with �-actinin at the Z-disc (27, 28). Although
traditionally viewed as a structural component in the sarcom-
ere, the Z-disc is increasingly recognized for its prominent role
as a nodal point for cardiac signaling (27, 29, 30). Thus, our
proteomic discovery opens up new avenues for investigations
of the concerted signaling between myofilament and Z-disc
proteins in the early molecular events that may contribute to
cardiac dysfunction and subsequent HF.

EXPERIMENTAL PROCEDURES

Generation and Functional Characterization of Swine AMI Model—
We induced AMI in swine via occlusion of the left anterior descending
coronary artery using an angioplasty balloon and a percutaneous
femoral approach similar to that reported previously (26) (Fig. 1A).
Briefly, Yorkshire swine (30 to 35 kg) from the University of Wisconsin-
Madison colony were pre-medicated with a mixture of telazol (4 to 6
mg/kg, intramuscular), xylazine (2 mg/kg, intramuscular), and propo-
fol (2 to 8 mg/kg, intravenous), intubated, anesthetized, and mechan-
ically ventilated with isoflurane (1% to 5%). Baseline pressure volume
(PV) loops were obtained, and the vena cava balloon was briefly
inflated to alter loading conditions with the ventilator turned off. Next,
a coronary balloon catheter was introduced into the proximal LAD just
distal to the first diagonal arterial branch and inflated for 90 min (AMI
group, n � 6). Iodinated contrast was used to confirm complete
cessation of coronary blood flow distal to the balloon. After 90 min,
PV loop data were again collected with the catheter in place and the
LAD still occluded. PV analysis was performed in control animals
(CON group, n � 6). After the final PV loop was obtained, the animal
was euthanized with saturated KCl and the heart was removed and
sectioned. Sections were either rapidly frozen in liquid nitrogen or
placed in 10% buffered formalin for histology. 90-min occlusion of the
lower one-third of the LAD created an ischemic zone including
roughly 25% of the left ventricle, less than 5% of the right ventricle,
and 5% to 10% of the interventricular septum. All experiments involv-
ing animals were conducted in accordance with the NIH Guide for the
Care and Use of Laboratory Animals and using protocols approved by
the University of Wisconsin Institutional Animal Care and Use
Committee.

Histopathologic Analysis—Formalin-fixed heart sections were
trimmed, processed, embedded in paraffin, cut 5 �m thick, and
stained with hematoxylin and eosin (H&E) or phosphotungstic acid–
hematoxylin. Staining with H&E employed routine methods, and
phosphotungstic acid–hematoxylin staining was performed using
Bouin solution as a mordant instead of Zenker fixative, followed by
Gram iodine, sodium thiosulfate, potassium permanganate, and ox-
alic treatments before phosphotungstic acid–hematoxylin staining
overnight.

Tissue Homogenization and Myofilament Protein Extraction—Myo-
filament subproteome was effectively extracted from only �5 mg of
pig myocardial tissue, which was sufficient for 10 experiments (the
equivalent of 500 �g per experiment). We chose to use �5 mg
because of the difficulty associated with handling and accurately
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measuring 500 �g of tissue. Specifically, �5 mg of swine cardiac
tissue was homogenized in 50 �l of HEPES extraction buffer contain-
ing protease and phosphatase inhibitors (25 mM HEPES, pH 7.5, 50
mM NaF, 0.25 mM Na3VO4, 0.25 mM PMSF, 2.5 mM EDTA) using a
Teflon pestle (1.5-ml tube rounded tip, Cienceware, Pequannock, NJ)
to remove soluble cytoplasmic proteins. The resulting homogenate
was centrifuged at 16,100 rcf for 15 min at 4 °C (Centrifuge 5415R,
Eppendorf, Hamburg, Germany), and the supernatant was discarded.
The insoluble pellet was then re-homogenized in 50 �l of TFA extrac-
tion buffer (1% TFA, 1 mM TCEP) to extract the myofilament proteins
(31). After centrifugation (16,100 rcf, 4 °C, 25 min), the supernatant,
which was enriched in myofilament proteins, was collected and ana-
lyzed using LC/MS (the pellet was discarded). All tissue preparation
and protein extraction procedures were performed in a cold room
(4 °C) or on ice using freshly prepared buffers.

On-line LC/MS Analysis—Rapid LC/MS profiling was performed
using a 2D-nanoLC system (Eksigent®, Dublin, CA) coupled on-line
with a linear ion trap (LTQ)/MS system (Thermo Scientific Inc., Bre-
men, Germany). Samples (equivalent to �500 �g of tissue per injec-
tion) were loaded onto a sample loop (10 �l) before a home-packed
PLRP column (200 mm � 500 �m, PLRP, 10 �m, 1000 Å) with a flow
rate of 12.5 �l/min. The packing material (PLRP-S particles) was
purchased from Varian (Lake Forest, CA). The proteins of interest
were eluted with a gradient (12.5 �l/min) of 20% B to 90% B in 55 min
(solvent A: 0.15% formic acid in water; solvent B: 0.15% formic acid
in methanol). After LC separation, a small portion of the sample (�5%
of the total amount) was ionized by electrospray ionization through a
25-�m to 30-�m inner diameter tip and analyzed directly via LTQ/MS
(on-line LC/MS). The remaining �95% of the sample was simultane-
ously collected on ice for further high-resolution MS and MS/MS
characterization (see below). 22 fractions were collected during one
LC/MS experiment per injection (Fig. 2B).

Off-line High-resolution FT-ICR MS/MS Analysis—The collected
fractions were analyzed using a 7T linear ion trap/Fourier transform
ion cyclotron resonance (FT-ICR) mass spectrometer (LTQ/FT Ultra,
Thermo Scientific Inc.) equipped with an automated chip-based
nano-electrospray ionization source (Triversa NanoMate, Advion Bio-
science, Ithaca, NY) as described previously (21, 32, 33). The sample
was introduced into the mass spectrometer using a spray voltage of
1.3 to 1.5 kV, resulting in a flow rate of 50 to 200 nL/min. Ion
transmission into the linear trap and, subsequently, the FT-ICR cell
was optimized for a maximum ion signal. The resolving power of the
FT-ICR was set at 200,000 at 400 m/z, which resulted in an acquisi-
tion rate of 1 scan per second. The numbers of accumulated ions for
a full scan in the linear trap, FT-ICR cell, MSn FT-ICR cell, and ECD
were 3 � 104, 8 � 106, 8 � 106, and 8 � 106, respectively. For MS/MS
experiments, the protein molecular ions of the individual charge
states were first isolated and then fragmented using 15% to 20%
normalized collision energy for CAD or 2.5% to 3.5% electron energy
for ECD (corresponding to 1.3 to 2.3 eV) with a 70-ms duration
without additional delay. All MS and MS/MS spectra were analyzed
using in-house-developed MASH Suite software (version 1.0) (34)
using the THRASH algorithm with a signal-to-noise ratio threshold of
3 and a minimum fit of 60%. The resulting data were then manually
validated to ensure their accuracy. The most abundant mass is re-
ported for intact proteins, whereas the monoisotopic mass is reported
for fragment ions.

Protein Identification—The raw MS/MS data were converted to
mzXML files and deconvoluted with MS-Deconv (release version
0.8.0) (35), a combinatorial algorithm that determines the monoiso-
topic mass and charge for all of the fragment ions present in an
MS/MS spectrum. Subsequently, to identify the proteins present in
the sample, the files containing the monoisotopic mass, intensity, and
charge for each of the product ions were searched against the pig

database generated by NCBI (Sscrofa10.2, containing 24,476 protein
sequences) using the MS-Align� search engine (release version
0.7.1) (36). Here, 10-ppm mass measurement accuracy was utilized
as a cutoff for MS/MS fragment assignments. The maximum number
of unexpected changes was two, and the acceptance criterion was an
E-value less than 0.01. The use of both CAD and ECD MS/MS spectra
for various charge states of the same protein resulted in unique
protein identification with significantly lower statistical p values and a
higher number of assigned fragments correlating directly to a higher
confidence level in protein identification. All protein identifications
were validated manually. Moreover, MS-Align� is a fast algorithm for
top-down protein identification based on spectral alignment that al-
lows for the identification of sequence variations and PTMs, as de-
scribed previously (20, 36).

Quantitative Analysis—We have quantitatively determined the pro-
teoforms of major myofilament and associated proteins using both
low-resolution LTQ/MS and high-resolution FT-ICR/MS data. For low-
resolution MS data, the areas under the MS peaks were used to
quantify the relative abundances of proteoforms. For high-resolution
MS data, the sum of the peak heights of the top five isotopomers for
each proteoform was used to calculate the relative abundance, as
described previously (21, 32, 33, 37). The relative abundances of the
individual proteoforms from three separate charge states were aver-
aged to obtain the relative percentage for each individual proteoform.
To assess protein phosphorylation levels, the percentages of the
monophosphorylated (%Pmono) and/or bisphosphorylated (%Pbis)
protein species were defined as the summed abundances of mono-
phosphorylated and/or bisphosphorylated species over the summed
abundances of the entire protein population, respectively. Based on
these percentages, the total amount of phosphorylation (Ptotal) of a
single protein was calculated using Eq. 1.

Ptotal � �%Pmono � 2 � %Pbis�/100 (Eq. 1)

Minor oxidation products and non-covalent phosphoric acid ad-
ducts (�H3PO4) were taken into consideration in the quantification.

Statistical Analysis—Data are represented as the mean � S.E. Each
biological replicate was performed in two technical replicates.
Student’s t test was performed between group comparisons to eval-
uate the statistical significance of variance. Differences among means
were considered significant at p 	 0.05.

RESULTS

A Clinically Relevant Swine AMI Model—Owing to the an-
atomical and physiological similarities between human and
swine hearts, the swine AMI model is of high clinical rele-
vance, as it closely recapitulates human disease pathophys-
iology (38). In this study, we generated a swine AMI model
using a closed-chest catheter-based method (26) by inducing
AMI in pigs (n � 6) via occlusion of the lower one-third of the
LAD with an angioplasty balloon (Fig. 1A). Control animals
(CON, n � 6) were treated similarly, but without LAD balloon
catheterization. We chose a 90-min occlusion to mimic the
typical time interval between the onset of chest pain in pa-
tients and their arrival in the emergency room for medical
treatment (39). PV analysis was performed to assess cardiac
function prior to and after LAD occlusion in swine undergoing
AMI and prior to sacrifice in CON (Fig. 1B). In CON and AMI
swine, prior to LAD occlusion, the heart rate, end systolic
pressure, stroke volume, LV ejection fraction, and pre-load
recruitable stroke work were consistent with the values pre-
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viously reported for healthy swine (supplemental Table S1)
(26). After 90 min of LAD occlusion, a significant decrease in
the end systolic pressure, the maximal rate of change in the
pressure (dP/dtmax), the minimal rate of change in the pres-
sure (dP/dtmin), the LV ejection fraction, and the pre-load
recruitable stroke work (Figs. 1C–1E; supplemental Table S1)
was observed.

Although the histological characterization of AMI is difficult
because tissue necrosis only becomes readily apparent 4 to
6 h after infarction, analysis of tissue collected from the left
ventricle and interventricular septum was undertaken to ex-
amine for early degenerative changes. Tissue taken from the
left ventricle and interventricular septum of infarcted swine
showed signs of early stage myocardial injury and necrosis
(Fig. 1F, supplemental Fig. S1). Scattered areas of sarcomere
fragmentation were most common, followed by vacuolar de-
generation (Fig. 1F), contraction banding (supplemental Fig.
S1), and shrunken cells exhibiting cytoplasmic hypereosino-
philia and pyknosis (necrosis) (Fig. 1, supplemental Fig. S1).
These results are consistent with the characteristics of AMI in
swine.

An Integrated Top-down Quantitative Proteomics Strat-
egy—We have developed a top-down LC/MS-based proteo-
mics strategy for the separation, identification, quantification,
and characterization of intact proteins from tissue extracts to
reveal disease-related changes (Fig. 2A). Using this strategy,

we can rapidly extract, separate, and identify intact myofila-
ment proteins from a minimal amount of myocardial tissue
(�500 �g of tissue per LC injection). It takes less than three
hours to perform tissue homogenization, myofilament extrac-
tion, and on-line LC/MS analysis. We effectively separated a
number of myofilament and associated proteins (Fig. 2B).
Rapid profiling via low-resolution linear ion trap (LTQ)/MS,
concurrent with LC separation, allowed for the preliminary
identification of myofilament proteins based on their decon-
voluted molecular masses, which matched closely with the
predicted sequence in the Swiss-Prot database (Fig. 2B, sup-
plemental Fig. S2, supplemental Table S2). Meanwhile, the
off-line high-resolution MS analysis of the collected fractions
from LC separation enabled the determination of the accurate
relative molecular masses (Mr) of all of the detected proteo-
forms (supplemental Fig. S2). Subsequent high-resolution
MS/MS together with the MS-Align� algorithm (36) provided
unambiguous identification of major proteins present in the
myofilament subproteome (supplemental Table S2, supple-
mental Fig. S3, and supplementary text). Both low-resolution
and high-resolution MS have been used for relative quantifi-
cation (see below).

Quantification of Phosphorylation Using On-line LC/MS—
The high reproducibility of the LC/MS experiments (supple-
mental Figs. S4 and S5) allowed rapid semi-quantification of
proteoform abundances based on their peak areas. To ensure

FIG. 1. Generation and characterization of swine AMI model. A, schematic of the creation of the AMI swine model versus CON. Tissue
used in this study was from the area labeled “infarct” in AMI, whereas LV tissue was used in CON. B, PV measurements prior to (left) and after
(right) 90 min of LAD occlusion. The slope of the straight line represents the end systolic pressure–volume relation. The flatter slope in the
right-hand panel reflects a reduction in cardiac function due to ischemia. C, LV ejection fraction (EF) is reduced in AMI relative to CON
commensurate with the reduction in blood flow. D, LV end systolic pressure is lower in AMI because of the lack of blood flow. E, LV dP/dt, a
measure of systolic performance, is also significantly reduced for AMI swine relative to CON. F, H&E-stained LV tissue from CON (left) and AMI
(right) pigs. Arrows denote myocyte vacuolation, and the circled cell displays characteristics consistent with necrosis, including cellular
shrinkage, cytoplasmic hypereosinophilia, and nuclear pyknosis. CON, control; AMI, acute myocardial infarction; LV, left ventricular; PV,
pressure volume; LAD, left anterior descending coronary artery; ESP, end systolic pressure; EF, ejection fraction; dP/dt, first derivative of LV
pressure.
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an accurate comparison, we paired AMI and CON groups and
performed the LC/MS back to back using the same experi-
mental setup (Figs. 3A and 3B, supplemental Fig. S6). Despite
the limited resolution of LTQ, we were able to preliminarily
identify protein phosphorylation based on the mass difference
of 80 Da. Quantification of the phosphorylation of myofilament
and associated proteins revealed a significant reduction in the
phosphorylation of cTnI (a thin filament regulatory protein),
MLC2 (a thick filament regulatory protein), and ENH2 (a Z-disc

protein) in the myocardium of AMI versus CON, whereas no
significant changes were observed in the phosphorylation
levels of cardiac TnT and Tm (Fig. 3 and supplementary text).
The total phosphorylation level (Ptotal, mol Pi/mol protein) of
cTnI was significantly reduced from 1.72 � 0.05 in CON to
0.97 � 0.16 in AMI; the Ptotal of MLC2 decreased from 0.11 �

0.01 to 0.09 � 0.01, and the Ptotal of ENH2 decreased from
0.93 � 0.02 in CON to 0.57 � 0.09 in AMI (Fig. 3C). Collec-
tively, these results suggest that the phosphorylation of cTnI,

FIG. 2. A, schematic of the integrated top-down LC/MS-based quantitative proteomics strategy. This strategy consists of six steps: (i) tissue
homogenization and protein extraction at low temperature (4 °C) in HEPES and TFA solutions containing protease and phosphatase inhibitors
to preserve endogenous modifications and minimize artifactual degradations; (ii) on-line separation of proteins via nano-LC; (iii) rapid LC/MS
profiling using low-resolution LTQ/MS (on-line); (iv) fraction collection concurrent with on-line LC/MS analysis; (v) comprehensive top-down MS
analysis using high-resolution FT-ICR/MS (off-line); (vi) data interpretation; and (vii) correlation of proteoform changes with disease phenotype.
B, on-line LC/MS separation and detection of swine myofilament and associated proteins. Bottom, LC separation of myofilament and
associated proteins. The identification of each labeled peak is shown in supplemental Table S2. Top, on-line MS detection of the myofilament
and associated proteins.
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MLC2, and ENH2 is down-regulated in the acutely infarcted
myocardium.

Comprehensive Proteoform Assessment Using High-reso-
lution MS/MS—The amalgamation of different proteoforms
into a single peak in low-resolution spectra can potentially
compromise the accuracy of proteoform quantification; there-
fore, a more accurate quantification based on high-resolution
MS is necessary. High-resolution FT-ICR/MS analysis allowed
a complete view of all types of proteoforms, including those
arising as a result of PTM (e.g. phosphorylation), alternative
splicing events (e.g. �-Tm and �-Tm), and polymorphisms
(e.g. Tm Pro64Leu) (representative data for cTnI, MLC2, Tm,
and ENH2 are shown in Fig. 4; details in supplementary text).
A number of minor proteoforms that could not be identified in
the low-resolution spectra were resolved in the high-resolu-
tion MS spectra (Figs. 4A–4D). Subsequently, we quantita-
tively determined the relative percentages of each proteoform
in the corresponding gene product group (Fig. 4E and sup-
plementary text). Consistent with the low-resolution MS re-
sults (Fig. 3), we observed significantly reduced phosphory-
lation of cTnI, MLC2, and ENH2 from AMI myocardium relative
to that from the CON group (Fig. 4, supplemental Figs. S7 and
S8). Additionally, dENH2 (likely a truncated form of ENH2) was
up-regulated in AMI versus CON, but the low abundance of
this proteoform hindered further MS/MS characterization. No
significant differences were observed in the relative amounts
of Tm proteoforms in AMI versus CON (Fig. 4E, supplemental
Figs. S7 and S8).

Mapping Phosphorylation Sites in Swine cTnI to Ser22/23—
cTnI is the inhibitory subunit of Tn, interacting with TnC,
cardiac TnT, and actin to inhibit muscle contraction (11).
Phosphorylation of cTnI is particularly important in modulating
cardiac function (9, 40). Because a number of kinases can
phosphorylate different sites within cTnI (40–42), it is imper-
ative to determine which sites are modified in AMI hearts. To
identify the phosphorylation sites in swine cTnI, the precursor
ions of monophosphorylated cTnI (pcTnI) and bisphosphory-
lated cTnI (ppcTnI) were cleanly isolated and subsequently
fragmented by ECD (supplemental Fig. S10, Fig. 5A). We
comprehensively sequenced pcTnI and ppcTnI and unambig-
uously mapped Ser22 as the only phosphorylation site in

pcTnI and Ser22/23 as the two phosphorylation sites in ppcTnI
in AMI hearts (supplemental Fig. S10, Fig. 5A, and supple-
mentary text). Interestingly, the fact that phosphorylation of
Ser23 was only observed in the presence of Ser22 phosphor-
ylation suggests a sequential phosphorylation mechanism,
which is consistent with our previous report on human cTnI
(33). Ser22/23 are bona fide substrates of cAMP-dependent
protein kinase A (PKA), although protein kinase C (PKC),
protein kinase D (PKD), and cGMP-dependent protein kinase
can also cross-phosphorylate these two sites (40).

Comprehensive Sequencing and Phosphorylation Site
Mapping in Swine MLC2 to Ser14—Although thin filament
proteins are well recognized as critical elements regulating
force production in cardiac muscle, recent compelling evi-
dence suggests that thick filament regulatory proteins are also
important players in modulating muscle contractions (43).
MLC2 is a thick filament regulatory protein that is believed to
function as a mechanical stabilizer for the neck region be-
tween the myosin head (S1) and rod (S2) during force gener-
ation and mechanical work performance (44). Here, we found
that MLC2 was present in both unphosphorylated and mono-
phosphorylated (pMLC2) forms, with Mr values of 18,801.45
and 18,881.41, respectively (Fig. 4B). The Mr of unphosphor-
ylated MLC2 matched best with the uncharacterized se-
quence of swine MLC2 (UniProtKB/Swiss-Prot, F6PSL2_PIG)
after considering acetylation at the N-terminus. Because this
sequence is not yet verified, we employed top-down MS/MS
to comprehensively sequence both unphosphorylated and
monophosphorylated MLC2 (supplemental Fig. S11, Fig. 5B).
For MLC2, a total of 51 b ions, 52 y ions, 129 c ions, and 131
z� ions were detected based on seven ECD and three CAD
spectra, representing 158 out of 164 bond cleavages (supple-
mental Fig. S11). For pMLC2, 84 c ions and 85 z� ions were
detected, representing 134 out of 164 bond cleavages, which
unambiguously revealed that Ser14 was the predominant
phosphorylation site in swine pMLC2 (Fig. 5B, supplemental
Fig. S12).

Top-down MS Uncovered Ser118 as a Phosphorylation Site
in ENH2—ENH2 belongs to the PDZ-LIM protein family that
co-localizes with �-actinin at the Z-disc and associates with
cytoskeletal proteins through its PDZ domain (27, 28, 45).

FIG. 3. Relative quantification of phosphorylation in myofila-
ment and associated protein from CON and AMI swine myocar-
dium. Representative low-resolution MS spectra showing cardiac
TnT, cTnI, Tm, MLC2, and ENH2 from CON (A) and AMI (B) myocar-
dium. The total amount of phosphorylation of cardiac TnT, cTnI, Tm,
MLC2, and ENH2 is shown in C. All measurements were performed
on three animals per group. Each biological replicate was performed
in two technical replicates. The data are represented as the mean
peak area � S.E. *p 	 0.05. Monophosphorylated and bisphosphor-
ylated proteins are labeled with subscripts “p” and “pp,” respectively.
Asterisks indicate non-covalent phosphoric acid adducts.
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ENH2 is a short, alternatively spliced isoform of ENH that only
retains the PDZ domain (27, 28, 45). Given that ENH2 phos-
phorylation has not been reported previously and that the
phosphorylation of this protein is altered following AMI, we
sought to identify the site of phosphorylation. Two major
proteoforms of ENH2 were detected with Mr values of
25,825.44 and 25,905.42 (Fig. 4D). The mass difference of
79.98 Da between these two proteoforms implies a likely
phosphorylation event. However, neither of these Mr values
matched with the predicted Mr of 25,898.43, based on the
predicted swine ENH2 sequence from the NCBI pig genomic
database (Sscrofa10.2). Using the MS-Align� algorithm, we
identified a modification of 15 Da between Gly60 and Lys70
(supplemental Fig. S3E). A sequence homology alignment of
the predicted swine, human, and mouse ENH2 sequences
revealed a potential amino acid polymorphism of Ser72Cys
(�15.98 Da) among these species (supplemental Fig. S13).
Thus, considering a single amino acid polymorphism (�15.98
Da), removal of N-terminal Met (
131.04 Da), and acetylation
of the new N terminus (�42.01 Da), the re-calculated Mr of
swine ENH2 is 25,825.38, which matches well with the ob-
served Mr of 25,825.44 (2.3 ppm).

To further characterize the sequence and locate the phos-
phorylation site of swine ENH2, we isolated the precursor ion
of monophosphorylated ENH2 (pENH2) and then fragmented
it via ECD. In five combined ECD spectra of pENH2, 58 c ions
and 71 z� ions were detected, representing 98 out of 232 bond
cleavages (Fig. 5C), despite the relatively lower quantity of
ENH2 present in the myofilament extract (supplemental Fig.
S6). The MS/MS data unequivocally validated the removal of
the N-terminal Met, acetylation of the new N terminus, and
one amino acid polymorphism at Ser72Cys, and they local-
ized the monophosphorylation site to Ser118 (Fig. 5C, sup-
plemental Figs. S14 and S15, and supplementary text). Thus,
our top-down MS/MS data unambiguously confirmed that the
proteoform with an Mr of 25,905.42 was the monophosphor-
ylated form of swine ENH2 (Fig. 4D).

DISCUSSION

Concerted Reduction in the Phosphorylation of Myofilament
and Z-disc Proteins—The PTM of myofilament proteins is
increasingly recognized as an important mechanism for the

FIG. 4. High-resolution MS for qualitative and quantitative anal-
ysis of myofilament and associated protein proteoforms. A–D,
representative high-resolution spectra of cTnI (A), MLC2 (B), Tm (C),
and ENH2 (D) from CON (top) and AMI (bottom) myocardium. Circles
represent the theoretical isotopic abundance distribution of the iso-
topomer peaks corresponding to the assigned mass. Single and
double ellipses represent single and double oxidations, respectively.
Stars represent non-covalent phosphoric acid adducts. E, relative
quantification of cTnI, Tm, MLC2, and ENH2 protein proteoforms. All
measurements were performed on three animals per group. Each
biological replicate was performed in two technical replicates. Boxes,
median and interquartile range (25%, 75%); whiskers, minimum and
maximum values. *p 	 0.05, **p 	 0.001.
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regulation of cardiac function, which requires highly coordi-
nated protein–protein interactions among myofilament pro-
teins in the sarcomere (6, 7). An emerging concept is that the
integrated action of kinases and phosphatases regulates pro-
tein phosphorylation and, thus, ultimately determines the ac-
tivity and function of myofilament and associated proteins (6).
Consequently, an imbalance of kinase and phosphatase ac-
tivities could alter contractility and lead to cardiac dysfunc-
tion. Indeed, our study presents direct evidence of early
changes in protein phosphorylation occurring with cardiac
dysfunction in a clinically relevant large-animal AMI model.
Specifically, we detected a concerted reduction in the phos-
phorylation of three critical proteins in the sarcomere: cTnI (a
thin filament regulatory protein), MLC2 (a thick filament regu-

latory protein), and ENH2 (a Z-disc protein) (Fig. 4 and Fig. 6).
Using top-down high-resolution MS, we unambiguously local-
ized the phosphorylation sites in these three proteins (Fig. 5).
Although previous studies have shown reduced phosphory-
lation in myofilament proteins such as cardiac myosin bind-
ing protein C, MLC2, and cTnI (5, 46), this is the first report
on the concerted changes in phosphorylation between myo-
filament proteins and Z-disc protein. Z-discs, which demar-
cate the ends of sarcomeres, are sophisticated structures
that cross-link the myofilaments into highly ordered three-
dimensional lattices (Fig. 6) (27, 29). Recent compelling
evidence clearly indicates that the Z-disc may serve as a
nodal point for cardiac signaling and disease (27). Impor-
tantly, our results suggest that coordinated signaling be-

FIG. 5. Comprehensive sequencing via
ECD pinpointed the phosphorylation sites
of ppcTnI at Ser22/23 (A), pMLC2 at Ser14
(B), and pENH2 at Ser118 (C). “Ac” repre-
sents acetylation, and subscript “p” denotes
phosphorylation. Phosphorylation sites are
highlighted by circles (A–C). Amino acid poly-
morphism (Ser72Cys) is highlighted in a hep-
tagon (C).
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tween myofilament and Z-disc may underlie contractile dys-
function in AMI.

The Functional Significance of cTnI Phosphorylation at
Ser22/23—Following stimulation of the �-adrenergic signaling
system, activated PKA phosphorylates cTnI at residues
Ser22/23, leading to decreased myofilament Ca2� sensitivity
and enhanced relaxation, which benefits diastolic function of
the heart (40). We and others have previously reported that
phosphorylation at Ser22/23 is significantly reduced in the

human myocardium of end-stage HF patients relative to that
of healthy donors (33, 47). In addition to PKA, other kinases
such as PKC, cGMP-dependent protein kinase, and PKD can
also cross-phosphorylate the PKA sites of cTnI at Ser22/23
and induce functional effects similar to those of PKA phos-
phorylation (40).

Previous reports by van der Velden et al. showed reduced
cTnI phosphorylation and decreased PKA levels in the myo-
cardium remote from the infarction in swine 3 weeks after MI
in studies using open-chest LAD surgery (48). Avner et al. also
reported the reduced phosphorylation of cTnI in the papillary
muscles of mice 3 to 4 days after experimental MI via open-
chest surgical ligation of the LAD (5). Importantly, in this study
we observed significantly decreased cTnI phosphorylation
immediately following 90 min of LAD occlusion using a
closed-chest catheter-based method that obviates the need
for open-chest surgery. Conceivably, a precise understanding
of molecular changes at this early stage before the maladap-
tive remodeling could aid in the development of novel thera-
peutic interventions to prevent remodeling and the onset of
HF.

The Functional Significance of MLC2 Phosphorylation—
Here we observed reduced MLC2 phosphorylation within the
infarction of acutely infarcted swine myocardium and un-
equivocally determined the predominant phosphorylation site
to be Ser14. The decreased phosphorylation of MLC2 was
also observed in human explanted end-stage failing hearts
(49). Scruggs et al. determined the phosphorylation sites to be
Ser13/14 (excluding the N-terminal Met) for mouse MLC2 and
a single site at Ser14 for human MLC2 (50). Ser13 in mouse
MLC2 is not conserved in the human sequence, but swine and
human MLC2 have the same amino acid (Asn13) at this site;
this underscores another advantage of the swine AMI model
(supplemental Fig. S16). A recent study by Sheikh et al. dem-
onstrated that knock-in mice with unphosphorylatable (S13A/
S14A) MLC2 exhibit dilated cardiomyopathy, LV torsional de-
fects, and sudden death, underlining the importance of MLC2
phosphorylation at Ser13/Ser14 (51).

The identity (or identities) of the kinase (or kinases) phos-
phorylating Ser14 of cardiac MLC2 remains unclear. Origi-
nally, MLC2 was presumed to be phosphorylated by MLC2
kinase (myosin light chain kinase) and dephosphorylated by
MLC2 phosphatase (52). Although the conventional smooth
and skeletal muscle myosin light chain kinases are also ex-
pressed in the heart, they do not appear to play a significant
role in regulating MLC2 phosphorylation and altering cardiac
function (43). Recently, a cardiac-specific MLC2 kinase (car-
diac myosin light chain kinase) encoded by Mylk3 was shown
to be the primary kinase phosphorylating MLC2 that modu-
lates cardiac function in both mice and humans (53). Besides
cardiac myosin light chain kinase, other kinases such as
zipper-interacting protein kinase, rho-associated kinase, and
PKC may also regulate MLC2 phosphorylation (43, 52).

FIG. 6. Schematic of myofilament and Z-disc proteins in the
cardiac sarcomere with the phosphorylation of cTnI, MLC2, and
ENH2 highlighted. Only relevant proteins in the sarcomere, the basic
contractile unit of cardiac muscle, are shown.
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ENH2 Phosphorylation and Cardiac Z-disc Signaling—ENH
belongs to the PDZ-LIM domain protein family that co-local-
izes with �-actinin on the Z-disc (Fig. 6) and associates with
cytoskeletal proteins through its PDZ domain (27, 28, 45).
ENH is alternatively spliced into four isoforms: isoform 1 (ENH
1) is the long isoform containing a PDZ domain and three LIM
domains, whereas the other three short isoforms (ENH2–
ENH4) retain only the PDZ domain (45). ENH2, -3, and -4 are
expressed mainly in cardiac and skeletal muscle, whereas
ENH1 is ubiquitously expressed in all tissue types. The splic-
ing isoforms of ENH are differentially expressed during heart
development and disease (45). ENH1 appears to be the em-
bryonic isoform, whereas the other isoforms are predominant
in adult heart (45). Recently, Chen and co-workers found that
ENH-null mice develop impaired cardiac contraction and di-
lated cardiomyopathy, underscoring the critical role of ENH in
the heart (28). The loss of ENH likely perturbs the integrity of
the Z-disc, thus disturbing the connection between adjacent
sarcomeres and the extracellular milieu (28).

Here we show that ENH2 is a phosphoprotein with a phos-
phorylation site at Ser118; however, the functional signifi-
cance of this phosphorylation remains to be investigated.
PDZ-LIM proteins typically serve as adaptor proteins in the
Z-disc: the PDZ domain mediates interactions with the cyto-
skeleton, and the LIM domain recruits signaling proteins to
the Z-disc. The perception of the cardiac Z-disc has changed
considerably in the past decade (27, 29, 30). Traditionally the
Z-disc was only viewed as a structural component in the
sarcomere, but recent compelling evidence clearly indicates
that the Z-disc may serve as a hub for cardiac signaling and
disease (27). An increasing number of signaling proteins, in-
cluding protein kinases and phosphatases, are co-localized to
the Z-disc, thereby concentrating a number of intracellular
signaling molecules in this specific subcellular location (27).
Notably, for the first time, we discovered the phosphorylation
of a critical Z-disc protein, ENH2, and its down-regulation
after 90 min of ischemia, suggesting pivotal roles for this
protein phosphorylation and the Z-disc in pathological signal-
ing after AMI.

Top-down Quantitative Proteomics Reveals Concerted and
Unexpected Proteoform Changes—We have successfully de-
veloped a novel LC/MS-based top-down proteomics strategy
for the highly reproducible quantification of multiple proteo-
forms simultaneously (Fig. 1). There are several major advan-
tages of this strategy. The first is rapid and effective separa-
tion of intact key cardiac proteins in the myofilament
subproteome extracted from tissues. Here we have shown
that a majority of lower mass (	60 kDa) proteins from myo-
filaments and their associated proteins can be fully or partially
separated on an LC time scale (Fig. 2, supplemental Fig. S6).
A minimal amount of tissue (�500 �g per experiment) is
sufficient for both LC/MS and high-resolution MS character-
ization of proteins, making it suitable for the analysis of human
biopsy samples. The approach also allows global detection of

all types of modifications simultaneously without a priori
knowledge. The antibody-based methods for detecting PTMs
(i.e. Western blot) require prior knowledge of the modification.
In the conventional bottom-up MS approach, proteins are
digested extensively with an enzyme (e.g. trypsin), resulting in
many small peptides for MS and MS/MS analysis. This bot-
tom-up approach is particularly useful for identifying proteins,
but it is suboptimal for determining modifications and alter-
native splice variants because of the partial recovery of di-
gested peptides, which can result in missed identification of
PTMs and a loss of connectivity between different modifica-
tions (54). In contrast, a top-down MS approach analyzes
whole proteins without digestion, thus providing a compre-
hensive view of the protein (18, 55, 56). Therefore, top-down
MS is the only technique that can simultaneously identify all
types of protein modifications universally without a priori
knowledge. Here, we employed top-down MS to reveal a
variety of proteoforms for myofilament and associated pro-
teins arising from PTMs (i.e. phosphorylation, degradation,
oxidation, acetylation), polymorphism, and alternatively
spliced isoforms (Fig. 4). Another advantage is the compre-
hensive sequencing and identification of (unexpected) modi-
fications. In the top-down MS approach, the molecular
masses of the intact proteins are measured in the first step,
which can reveal any modifications occurring to the proteins,
including unexpected ones (18). Subsequently, proteoforms
of interest can be isolated and fragmented via MS/MS with
ECD and CAD to locate the (unexpected) modification sites
(57–59). Here we have comprehensively sequenced cTnI,
MLC2, and ENH2 (Fig. 5, supplemental Figs. S9–S11) and
mapped unexpected modifications, as exemplified by an
amino acid polymorphism and phosphorylation for ENH2 (Fig.
5C, supplemental Fig. S14). The use of ECD particularly al-
lows for the localization of labile PTMs such as phosphoryla-
tion with high reliability and accuracy (12, 18, 25, 32, 33, 60).
We localized Ser22/23 as the phosphorylation sites for cTnI,
Ser14 as the phosphorylation site in MLC2, and an unex-
pected phosphorylation site, Ser118, in ENH2. The identifica-
tion of unexpected modifications is challenging in the bot-
tom-up approach, as typically modifications need to be
defined prior to a database search for the identification of
such modifications. Our approach also permits the quantifi-
cation of protein proteoforms with high reproducibility and
identification of concerted changes in responding to patho-
physiological stimuli. The addition of small modifying groups
to intact proteins does not change the physiochemical prop-
erties (and thus the ionization efficiency of proteins) apprecia-
bly, in contrast to the dramatic impact such modifying groups
could have on the ionization efficiency of small peptides (25,
61, 62). Moreover, the phosphorylation of a protein has a
minimal influence on the protein charge state distribution
(supplemental Fig. S17). Thus, top-down MS is the method of
choice for the quantification of various protein proteoforms.
We have achieved remarkable reproducibility with this top-
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down quantitative proteomics method (supplemental Figs. S4
and S5), and we reliably quantified various proteoforms and
determined the changes following AMI (Fig. 4). Appreciably,
we have unambiguously identified the reduction of phosphor-
ylation in cTnI (a thin filament regulatory protein), MLC2 (a
thick filament regulatory protein), and ENH2 (a Z-disc protein)
after AMI. Finally, the current approach employs a combina-
tion of on-line low-resolution LC/MS for rapid profiling and
off-line high-resolution MS for comprehensive proteoform
characterization. We employed an “LC/MS�” platform that
allows fraction collection concurrent with on-line LC/MS, pre-
viously known as a “data-directed top-down” approach (63–
65). The on-line low-resolution LC/MS provides rapid screen-
ing of potential proteoform changes, which can then guide
user-directed data-dependent high-resolution top-down MS
experiments. The fractions collected simultaneously during
the on-line LC/MS are used for comprehensive sequence
characterization and accurate proteoform quantification.
Thus, this targeted top-down proteomics approach offers the
benefits of high-throughput protein profiling, high-resolution
protein characterization, and high-accuracy quantification of
proteoforms from a subproteome.

The potential limitation of our one-dimensional LC/MS-
based top-down quantitative proteomics method is its failure
to detect large myofilament and associated proteins such as
�-actinin (�110 kDa), cardiac myosin binding protein C (�140
kDa), and myosin heavy chain (�220 kDa), which are known
to be present in the myofilament subproteome in the cardiac
sarcomere (Fig. 6). Because of the exponential decay in the
signal-to-noise ratio as a function of increasing mass, it is
necessary to separate the small molecules from large proteins
(66). For instance, we could use two-dimensional LC with size
exclusion chromatography as the first dimension and reverse
phase chromatography as the second dimension. We have
recently shown that ultra-high-pressure size exclusion chro-
matography can be used for the rapid and high-resolution
separation of intact proteins for top-down proteomics (67).
Nevertheless, two-dimensional LC typically requires longer
sample analysis times, so caution should be taken to minimize
the possible artifactual modifications.

In summary, we have developed a novel LC/MS-based
top-down quantitative proteomics strategy to comprehen-
sively assess the changes in key cardiac proteins present in
the myofilament subproteome extracted from heart tissues
with high reproducibility and throughput. This entire process,
which includes tissue homogenization, protein extraction, and
on-line LC/MS analysis, takes less than 3 h and requires a
minimal amount of myocardial tissue (�500 �g of tissue per
experiment), making it possible to analyze biopsy samples
routinely. Enabled by this top-down quantitative proteomics
strategy and a highly clinically relevant large-animal (swine)
model, we have unveiled the molecular changes of the critical
cardiac proteins in the myofilaments and Z-disc at the early
stage after AMI. Our proteomics discovery opens up new

avenues for further investigation of the potential link between
myofilament and Z-disc in regulating cardiac contractility at
the early stage post-MI that might lead to maladaptive remod-
eling and ultimately HF.
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