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Abstract

Ischemic cardiomyopathy (ICM) is a prominent form of heart failure but the molecular
mechanisms underlying ICM remain relatively understudied due to marked phenotypic
heterogeneity. Alterations in post-translational modifications (PTMs) and isoform switches in
sarcomeric proteins play important roles in cardiac pathophysiology. Thus, it is essential to define
sarcomeric proteoform landscape to better understand ICM. Herein, we have implemented a
top-down liquid chromatography (LC)-mass spectrometry (MS)-based proteomics method for the
identification and quantification of sarcomeric proteoforms in the myocardia of donors without
heart diseases (/7= 16) compared to end-stage ICM patients (7= 16). Importantly, quantification
of post-translational modifications (PTMs) and expression reveal significant changes in various
sarcomeric proteins extracted from ICM tissues. Changes include altered phosphorylation and
expression of cardiac troponin I (cTnl) and enigma homolog 2 (ENH2) as well as an increase in
muscle LIM protein (MLP) and calsarcin-1 (Cal-1) phosphorylation in ICM hearts. Our results
imply that the contractile apparatus of the sarcomere is severely dysregulated during ICM. Thus,
this is the first study to uncover significant molecular changes to multiple sarcomeric proteins in
the LV myocardia of the end-stage ICM patients using LC-MS-based top-down proteomics. Raw
data are available via the PRIDE repository with identifier PXD038066.
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Data Availability
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Introduction

Heart failure (HF) is the leading cause of death worldwide and produces immense
economic costs.1=* Ischemic cardiomyopathy (ICM) is a prominent form of HF wherein
left ventricular (LV) systolic dysfunction reduces blood flow to the heart, leading to oxygen
deprivation and myocardial hypoxia.>~" However, the molecular mechanisms underlying
ICM remain relatively understudied due to marked phenotypic heterogeneity.

The sarcomere, the basic contractile unit of the heart, contains the structural building

blocks for myocardium including actin-based thin and myosin-based thick filaments laterally
bordered by the Z-disk.8-10 In the presence of intracellular calcium, conformational

changes within the cardiac troponin complex and tropomyosin induce actin-myosin cross-
bridge formation to regulate cardiac contraction.11:12 The Z-disk protein network helps
cross-link myofilaments into highly organized three-dimensional structures to stabilize

the sarcomere.13.14 Alterations in post-translational modifications (PTMSs) in sarcomeric
proteins such as phosphorylation, oxidation, degradation, and isoform switches play
important roles in cardiac pathophysiology. 15-1° Thus, it is essential to quantitatively
determine the changes in the PTMs and isoforms of sarcomeric proteins to better understand
ICM.
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“Top-down” mass spectrometry (MS)-based proteomics is a powerful tool for the analysis
and characterization of diverse proteoforms, the myriad number of expressed protein
products that arise from polymorphisms, alternative splice variants, and post-translational
modifications (PTMs).20-24 Distinct from the “bottom-up” MS approach in which intact
proteins are enzymatically digested into peptides,?® top-down MS analyzes intact proteins
that can detect and comprehensively characterize intact proteoforms from complex
biological samples.26-30 Quantitative analysis of proteoforms using the top-down approach
can reveal significant changes in isoform expression and relative abundance of PTMSs across
various heart disease phenotypes.31:32 We previously detected a decrease in phosphorylation
of cardiac troponin | (cTnl) in ischemic human hearts using quantitative top-down MS/MS
and affinity purification.3334 Recently, our lab has developed a highly robust top-down
LC-MS/MS method that can simultaneously quantify protein expression and PTM and
applied to non-human skeletal and cardiac muscle tissues.3> However, a study characterizing
changes in the sarcomeric proteoform landscape of human ICM remains lacking.

Herein, we aimed to uncover sarcomeric proteoform changes in failing heart tissues from
patients in end-stage ischemic heart failure and non-failing heart tissues from donors
without heart disease to better understand ICM. We have implemented a top-down MS
proteomics method for the simultaneous quantification of sarcomeric proteoforms with high
reproducibility to reveal the molecular changes protein PTMs and isoforms correlated with
LV dysfunction in ICM patients. Our results elucidate significant PTM and expression -level
changes in myofilament and Z-disk proteins during ischemic heart failure. Collectively,

our results demonstrate the unique advantages of top-down proteomics for defining the
sarcomeric proteoform landscape and quantifying protein expression and PTMs in parallel,
providing valuable insights into the molecular alterations underlying human ICM.

Experimental Procedures

Chemicals and reagents.

All reagents were purchased from MilliporeSigma (Burlington, MA, USA) unless otherwise
noted. Buffers were prepared with HPLC-grade water from Fisher Scientific (Fair Lawn,
NJ, USA). Isopropanol and acetonitrile were purchased from Fisher Scientific (Fair Lawn,
NJ, USA). Amicon, 0.5 mL cellulose ultra-centrifugal filters with a molecular weight cutoff
(MWCO) of 10 kDa were purchased from MilliporeSigma.

Human Cardiac Tissue Collection.

LV myocardium from nonfailing donor hearts with no history of heart diseases were used as
control tissues (donor, 7= 16). Apex myocardium from failing ICM hearts were collected
during left ventricular assist device (LVAD) implantation in which left ventricular apex is
removed (ICM, 7= 16).38 Donor heart tissue was stored in cardioplegic solution prior to
dissection and snap-frozen immediately in liquid nitrogen and stored at —80 °C. ICM heart
tissue was stored on dry ice immediately after surgical removal and then stored at —80

°C. Donor and ICM hearts were obtained from the University of Wisconsin (UW)-Madison
Organ and Tissue Donation and University of Michigan, respectively. The procedures for the
collection of human non-failing donor heart and ICM failing heart tissues were approved
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by the Institutional Review Board (IRB) of the UW-Madison and University of Michigan,
respectively. Available clinical deidentified data including age, gender, cause of death, and
medical history are listed for the heart tissues used in this study in Table S1.

Sample Preparation.

Sarcomeric proteins were extracted from human heart tissues using a differential pH-based
extraction as previously published.37 First, ~10 mg of heart tissue was quickly homogenized
at 4 °C and washed twice in 100 pL of HEPES buffer (25 mM HEPES pH = 7.4, 60

mM NaF, 10 mM L-Methionine, 1 MM DTT, 1 mM PMSF, 1 mM Na3zVOy, 1x Protease
Inhibitor Cocktail, and 1x Phosphatase Inhibitor Cocktail) with a Teflon pellet pestle.

The homogenate was centrifuged at 21,000 g for 30 minutes at 4 °C. The pellets were
re-dispersed in 50 uL of freshly prepared trifluoroacetic acid (TFA) buffer (1% TFA pH =
2.0, 1 mM TCEP, 10 mM L-Methionine). The homogenate was centrifuged at 21,000 g for
30 minutes at 4 °C and the supernatant was collected. All samples were normalized to 0.08
mg/mL protein in 0.2% formic acid with 2 mM L-methionine by the Pierce™ BCA assay
prior to LC-MS/MS analysis.

Top-down Data Acquisition.

Top-down LC-MS/MS was carried out by using a NanoAcquity ultra-high pressure LC
system (Waters) coupled to a high-resolution maXis Il quadrupole time-of-flight mass
spectrometer (Bruker Daltonics). 5 UL (400 ng) of total protein was injected onto a
home-packed PLRP column (PLRP-S) (Agilent Technologies), 10-um particle size, 500-um
inner diameter, 1,000 A pore size) using an organic gradient of 5 to 95% mobile phase B
(mobile phase A: 0.2% formic acid in water; mobile phase B: 0.2% formic acid in 50:50
acetonitrile:isoproponal) at a flow rate of 12 pL/min and temperature of 35 °C. Column
pressure was maintained between 700-1200 psi. Mass spectra were taken at a scan rate of
0.5 Hz over 530-2000 m/zrange. A total of three replicate runs were collected for each
concentration between 250-1200 ng to establish instrument sensitivity and reproducibility.
Samples were randomized during processing and LC-MS/MS analysis to correct for batch
effects.38

Data-dependent LC-MS/MS was performed on sarcomeric protein extracts. The three most
intense ions in each mass spectrum were selected and fragmented by collision-activated
dissociation (CAD) with a scan rate of 2 Hz from 200-3000 /m/z. The isolation window for
online AutoMS/MS CAD was 10 m/z. The collision DC bias was set from 18 to 35 eV for
CAD with nitrogen as the collision gas.

Data Analysis.

LC-MS raw files were processed and analyzed with Compass DataAnalysis 4.3 (Bruker
Daltonics) software. All chromatograms were smoothened by the Gauss algorithm with

a smoothing width of 2.04 s. Sophisticated Numerical Annotation Procedure (SNAP) peak-
picking algorithm (quality factor: 0.4; signal-to-noise ratio (S/N): 3.0) was used to determine
the monoisotopic mass of all detected ions. Mass spectra were deconvoluted using the
Maximum Entropy algorithm within the DataAnalysis 4.3 software. The resolving power
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for Maximum Entropy deconvolution was set to 60,000k for proteins that were isotopically
resolved.

Protein modifications were quantified based on the ratio of the peak intensity of the
proteoform to the summed peak intensities of all proteoforms of the same protein using

the deconvoluted mass spectrum. In order to quantify protein expression, the top 3-5 most
abundant charge state ions of all proteoforms of the same protein were combined to generate
one extracted ion chromatogram (EIC) (Table S2). The area under the curve (AUC) of each
EIC was then manually integrated using the DataAnalysis 4.3 software.

Top-down LC-MS/MS data was processed using MASH Native software with the topPIC (v.
1.5.4) algorithm embedded.3940 The fragment ions in the MS/MS spectra were searched and
assigned based on the canonical entries of the Homo sapiens UniProt (UniProtKB) protein
database (UP000005640, 20,389 reviewed entries, version December 2022). Monoisotopic
masses were used for all proteoform determinations, and all fragment ions were manually
validated with a mass tolerance of 20 ppm.

Statistical analysis.

Results

Statistical analysis for group comparison was completed using paired-student #tests to
determine the level of statistical significance for the quantification of sarcomere protein
modification and expression. All p-values at p < 0.05 were considered significant. All error
bars indicated in the figures represent the mean + standard error of the mean (S.E.M.).
Statistical analysis for the coordinated decrease in enigma homolog 2 (ENH2) and cTnl
phosphorylation was completed using a Pearson’s correlation. The Pearson correlation
coefficient (/) is considered strongly correlated if it is above 0.7.

Analysis of sarcomeric proteins in donor versus ICM tissues by online top-down LC-

MS/MS.

The goal of this project was to reveal the molecular alteractions underlying ICM using
top-down MS-based proteomics. To do so, we implemented an online top-down LC-MS/MS
method to simultaneously quantify sarcomeric protein expression and modification levels
between LV tissue from non-failing donor hearts and left ventricular apex from ICM tissues
collected during LVAD surgeries (Figure 1). We have demonstrated that LV and apex tissues
in donor hearts (/7= 4) have similar sarcomeric proteoform levels (Figure S1), which allows
sarcomeric proteoform comparison between donor LV and ICM apex tissues in this study.

The whole procedure including tissue homogenization, sarcomeric protein extraction, and
LC-MS/MS analysis can be performed in less than 3 h, demonstrating a fast and high-
throughput method to simultaneously characterize protein expression and PTMs. SDS-PAGE
was used to visualize proteins in the HEPES versus TFA extractions (Figure S2). The results
showed that our differential pH-based extraction method successfully depletes cytosolic
proteins and enriches sarcomeric proteins in donor and ICM cardiac tissues. Our online
top-down LC-MS/MS method revealed a diverse sarcomeric proteoform landscape in donor
and ICM tissue samples (Figure 2).
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Myofilament proteins identified include cTnl, cardiac troponin T (cTnT), troponin C (TnC),
tropomyosin (Tpm) isoforms, a-actin isoforms, ventricular isoform of MLC-2 (MLC-2v),
ventricular isoform of MLC-1 (MLC-1v), and atrial isoform of MLC-1 (MLC-1a). We also
detected various Z-disk proteins such as ENH2, muscle LIM protein (MLP), cysteine-rich
protein 2 (CRIP2), cypher-5, cypher-6, elfin, calsarcin-1 (Cal-1), and four and a half

LIM domains 2 (FHL2).41:42 Sarcomeric proteins were first identified based on their intact
protein mass with a mass error tolerance within 4 ppm. A total of 35 human sarcomeric
proteoforms were identified compared to 63 human sarcomeric proteins present in Uniprot.
Conceivably, it is difficult to identify large proteins due to the limited fragments obtained
from online LC-MS/MS data.26:43:44 A full list of sarcomeric proteoforms identified in
donor and ICM tissues can be found in Table S3.

For further protein characterization we employed online LC-MS/MS analysis with CAD
fragmentation to generate &~ and y~ions. LC-MS/MS was performed on all sarcomeric
proteins detected. Fragment assignments were confirmed in MASH Native software to
identify the ventricular isoforms of MLC-1 and MLC-2. The method applies for all
sarcomeric proteins detected in the analysis. Uniprot databases were used to map the
sequences of human MLC-1v and MLC-2v. Removal of N-terminal methionine and

addition of N-terminal trimethylation was validated for human MLC-1v and MLC-2v

which is in good agreement with previous literature.*> The determination of the N-terminal
modifications was further validated by comparison of the theoretical fragment ion masses
and the experimental fragment ion masses. Previous studies have reported the localization of
mono-phosphorylated MLC-2v to Ser15 or Ser19.46:47 This data indicates that Ser19 is a site
of MLC-2v phosphorylation due to sequence informative band y~ions further demonstrating
the power of top-down MS/MS. Total fragmentation of MLC-1v reveals 25 £-ions and

23 y~ions achieving 23% sequence coverage (Figure S3). Similarly, total fragmentation of
MLC-2v reveals 14 b-ions and 22 y-ions achieving 21% sequence coverage (Figure S4).
Overall, these data reveal how top-down MS/MS can be used to unambiguously sequence
intact myofilament proteins for protein identification and characterization.

Simultaneous quantification of sarcomeric protein expression and modification in ICM
using online top-down LC-MS/MS method with high reproducibility and linearity.

We next assessed the reproducibility and linearity of our top-down online LC-MS/MS
method. To ensure our extraction protocol and LC-MS/MS method was reproducible

we performed three extraction replicates using donor tissue sample (Figure S5 and

Figure S6). With the same amount of protein loaded for each biological replicate,

overlaid base peak chromatograms (BPC) and total ion chromatograms (TIC) show highly
similar chromatographic profiles and MS signal intensities demonstrating the comparative
reproducibility of our method.

To compare protein expression levels between ICM and donor samples using top-down
quantitative analysis, we first evaluated the linearity of our instrument response with 250,
400, 500, 600, 750, 1000, and 1200 ng of total protein from the same donor tissue extract
injected in triplicate.3® EICs of representative sarcomeric proteins ENH2, cTnl, a-Tpm,
MLC-1v, MLC-2v, and TnC were generated, and a mutual linear range of 250-1200 ng

J Proteome Res. Author manuscript; available in PMC 2024 March 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chapman et al.

Page 7

was established by measuring the summed abundance of the AUC of each EIC (Figure 3a,
3b). Injection replicates across each amount of total protein loaded demonstrated excellent
reproducibility, sensitivity, and linearity achieving R? values greater than 0.99. (Figure 3c
and Figure S7). As the instrument responds linearly to differing amounts of total protein
loaded, this analysis allows us to be confident in quantitating changes in expression level.
Therefore, we can also be confident in quantifying changes in protein abundance between
samples.

Correlated decrease in ENH2 and cTnl expression and modification in ICM tissues.

Significant alterations in PTM and expression level changes in ENH2 and cTnl were
identified in ICM compared to non-failing donor samples. Three major cTnl proteoforms
were observed in the deconvoluted mass spectra for donor and ICM samples including
unphosphorylated cTnl, monophosphorylated cTnl (ocTnl), and bisphosphorylated cTnl
(opcTnl) (Figure 4a). Two major ENH2 proteoforms were observed in donor and ICM
samples including unphosphorylated ENH2 and monophosphorylated ENH2 (pENH2)
(Figure 4a). We then quantified the expression of cTnl and ENH2 and observed decreased
expression levels in ICM compared to donor tissues (Figure 4b). Total phosphorylation
levels were quantified by calculating the relative abundance of proteoforms as their
representative percentages among all detected proteoforms in the deconvoluted mass spectra
(Ptotal). Total phosphorylation levels of ENHZ2 in donor tissues were between 0.29 to 1.00
mol Pi/mol protein and 0.10 to 0.80 mol Pi/mol protein in ICM tissues (Figure 4c). We
observed a significant decrease in pENH2, with total phosphorylation of ENH2 decreasing
from 85% to 50% in ICM tissues compared to donor tissues. Total phosphorylation levels of
cTnl in donor tissues were between 0.55 to 1.98 mol Pi/mol protein and 0.25 to 1.44 mol
Pi/mol protein in ICM tissues (Figure 4c). Notably, we also observed a significant decrease
in cTnl phosphorylation, with total phosphorylation of cTnl decreasing from 90% to 56%
in ICM tissues compared to donor tissues. To determine if the decrease in phosphorylation
of ENH2 and c¢Tnl in ICM tissues were dependent on one another, we plotted a linear
correlation achieving a strong, positive Pearson correlation coefficient (r= 0.8926) and
p<0.00001 (Figure 4d). These findings agree with a previous study in human hearts

with hypertrophic cardiomyopathy (HCM) which implied that the coordinated decrease in
ENH2 and cTnl phosphorylation is due to dysregulation of the cAMP-dependent protein
kinase A (PKA)-mediated pathway.26 PKA signaling is essential for cardiac function and
plays important roles in cardiac contractility, metabolism, and homeostasis. Inactivation

of this pathway has previously been associated with impaired cardiac contraction and
myocardial ischemia.*849 B-blockers remain widely used as antihypertensives to manage
cardiovascular symptoms such as high blood pressure and irregular arrhythmia. While
B-blockers antagonize B-adrenergic receptors in which the PKA-mediated pathway is
activated by, the effect of p-blockade on the PKA-mediated pathway remains incompletely
understood.30:51 Nonetheless, our previous study investigated the effect of p-blockade

on reduced cTnl phosphorylation and found no significant correlation between reduced
phosphorylation in ¢Tnl and B-blocker treatments.33 Thus, the decreased PKA-mediated
phosphorylation of cTnl and ENH2 in ICM hearts may be independent of p-blocker
treatment.
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Differential isoform expression of Tpm and a-actin.

Human Tpm is a thin-filament associated protein which is expressed as several isoforms
that closely interact with cTnT and a-actin to regulate muscle contraction.52-%4 7pm1
encodes for both a-Tpm and x-Tpm, whereas 7pmZ2and 7pm3encode for f-Tpm and
v-Tpm, respectively.5556 Our previous study confirmed the presence of a-Tpm, x-Tpm, and
B-Tpm in the human heart with a-Tpm being the most abundantly expressed isoform.>®
The major isoforms of Tpm that we detected in this study were unphosphorylated

a-Tpm, monophosphorylated a-Tpm (pa-Tpm), and monophosphorylated x-Tpm (px-
Tpm) (Figure 5a). The low abundance isoforms detected were unphosphorylated x-Tpm,
unphosphorylated y-Tpm, and unphosphorylated skeletal B-Tpm (skB-Tpm). We quantified
the abundance of each isoform relative to the total abundance of all isoforms by finding

the AUC for a-Tpm, x-Tpm, and skB-Tpm in donor versus ICM tissues (Figure 5c).
¥-Tpm was too low in abundance and could not be accurately quantified. We observed

a significant decrease in skp-Tpm expression, with total skB-Tpm expression decreasing
from 2.9% to 1.5% of total Tpm abundance in ICM tissues compared to donor tissues. The
difference in isoform expression of a-Tpm and x-Tpm in donor versus ICM tissues were
not significant. The mechanism of how Tpm isoform ratios affect cardiac function remains
unclear; however, we also detected a decrease in skB-Tpm expression in HCM tissues using
top-down MS/MS.26 Thus, our data implies that changes in skB-Tpm isoform expression in
the heart may alter cardiac function and impair systolic function in ICM.

In cardiac and skeletal muscle, ACTC and ACTA encode for skeletal a-actin (a.-SKA) and
cardiac a-actin (a-CAA) isoforms, respectively. These two isoforms are co-expressed in
myocardium and play roles in sarcomere structure and integrity. Here, we observed both
a-actin isoforms in donor and ICM tissues (Figure 5b). We observed a significant increase
in a-SKA expression, with total a.-SKA expression increasing from 36% to 45% of total
a-actin abundance in ICM tissues compared to donor tissues (Figure 5d). Previously, our lab
has found a significant increase in the relative abundance of a-SKA in non-failing donor
hearts compared to failing dilated cardiomyopathy (DCM) hearts.>” Therefore, these data
agree with previous reports that the upregulation of a-SKA expression in failing hearts is a
promising biomarker of heart disease.

Increased phosphorylation of full-length ¢TnT in ICM tissues.

The deconvoluted mass spectra for cTnT showed multiple proteoforms including
unphosphorylated cTnT, monophosphorylated cTnT (ocTnT), unphosphorylated truncated
cTnT with a lysine cleaved from the C-terminus (¢cTnT [aa 1-286]), and
monophosphorylated truncated cTnT (pcTnT [aal-286]) (Figure S8a). We observed a
significant increase in full-length cTnT phosphorylation, with total cTnT phosphorylation
increasing from 79% to 86% ICM tissues compared to donor tissues (Figure S8b). There
also appeared to be an increase in total phosphorylation of truncated cTnT [aa 1-286];
however, the change in total cTnT [aa 1-286] phosphorylation between donor and ICM
tissues was not significant (Figure S8c). Similar to ¢cTnl, cTnT can be phosphorylated by a
variety of kinases and is a choice biomarker for the detection of cardiac injury due to its
cardiac specificity.%8:59 cTnT mutations are known to be a common cause of many different
cardiomyopathies and PTMs play a vital role in cardiac contractility.59-62 Interestingly, we
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observed a homozygous and heterozygous cTnT polymorphism in four ICM and one donor
samples (Figure S9). The polymorphism corresponded to a +28 Da mass shift, indicating

a possible alanine (A) to valine (V) point mutation which has previously been reported as

a cardiomyopathy variant at amino acid positions 38 or 114.63.64 However, being that this
point mutation was also present in one donor tissue sample, it is unlikely this polymorphism
to be a potential biomarker for ICM.

Increased phosphorylation of Z-disk proteins in ICM tissues.

In addition to myofilament proteins, we also identified and quantified Z-disk proteins such
as MLP and calsarcin-1. The deconvoluted mass spectra for MLP showed unphosphorylated
MLP and monophosphorylated MLP (pMLP) (Figure 6a). The deconvoluted mass spectra
for calsarcin-1 revealed multiple phosphorylated proteoforms including unphosphorylated
calsarcin-1, monophosphorylated calsarcin-1 (pCal-1), bisphosphorylated calsarcin-1
(ppCal-1), and trisphosphorylated calsarcin-1 (pppCal-1) (Figure 6¢). Total phosphorylation
levels of MLP in donor tissues were between 0.0 to 0.44 mol Pi/mol protein and 0.02

to 0.66 mol Pi/mol protein in ICM tissues. We observed a significant increase in MLP
phosphorylation, with total phosphorylation increasing from 19% to 46% of total MLP
abundance in ICM tissues compared to donor tissues (Figure 6b). We also quantified
phosphorylation of calsarcin-1 (Figure S10). The total phosphorylation levels of calsarcin-1
in donor tissues were between 0.73 to 1.72 mol Pi/mol protein and 0.96 to 1.75 mol Pi/mol
protein in ICM tissues. Similar to MLP, we observed a significant increase in calsarcin-1
phosphorylation, with total phosphorylation of calsarcin-1 increasing from 86% to 90% of
total calsarcin-1 abundance in ICM tissues compared to donor tissues (Figure 6d). MLP and
calsarcin-1 are known to be involved in severe forms of cardiomyopathy. Mutations in the
CSRP3gene which encodes for MLP have been directly involved in the development of
HCM and DCM.5% Calsarcin-1 is a mediator of protein phosphatase activity and deficiency
of this protein sensitizes the heart to calcineurin, a protein phosphatase that plays important
roles in HCM when dysregulated.6:67 Nevertheless, the molecular mechanisms and effect
of PTMs on MLP and calsarcin-1 remain relatively unknown. This is the first study to
report increased phosphorylation of MLP and calsarcin-1 in ICM. The total phosphorylation
of MLP and calsarcin-1 exhibited a negative linear correlation with a Pearson correlation
coefficient r=-0.03, indicating that these two phosphorylation are not correlated which are
unlikely to be phosphorylated by the same kinase or closely interact with each other in the
z-disk. Despite reports of MLP being significantly down regulated in DCM and ICM58, we
did not observe a significant change in MLP expression.

Discussion

Overall, in this study, we have focused on sarcomere subproteome and achieved
simultaneous quantification sarcomeric protein expression and PTMs from non-failing donor
and failing ICM human cardiac tissues. ICM is a highly heterogenous cardiovascular disease
that is characterized by significant alterations to the left ventricle of the heart, impacting
systolic function and inducing myocardial hypoxia. While ischemic heart disease is the
leading cause of death worldwide, there are only very few proteomics studies that have

been performed directly using human ICM samples due to the difficulty in obtaining human
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heart tissue samples.59.70 Rosell6-Lleti et al. analyzed cardiac protein changes in ICM from
human LV tissues using 2-dimensional gel electrophoresis followed by in-gel digestion and
bottom-up MS, showing that proteins involved in cellular stress response, respiratory chain,
and cardiac metabolism were altered.? More recently, Yi et al. quantitatively analyzed

the LV proteome in human ICM using bottom-up LC-MS/MS and observed differentially
expressed proteins related to metabolism, immune response, muscle contraction, and signal
transduction.”® Nonetheless, bottom-up proteomics suffers from many limitations including
the protein interference problem and loss of vital information about PTMs and alternative
splice variants due to proteolytic cleave of intact proteins into peptides.22:71 On the other
hand, top-down proteomics can directly analyze intact proteins allowing for identification
and characterization of proteoforms with full sequence coverage.2%-24 Therefore, top-down
proteomics is ideally suited for studying human ICM at the proteoform level to reveal
molecular changes within the human sarcomeric proteome.

In this study, we have extracted sarcomeric proteins and utilized top-down online LC-
MS/MS for simultaneous quantification of many sarcomeric proteoforms in failing human
ICM tissues compared to non-failing donor tissues. Specifically, we discovered a significant
decrease in cTnl and ENH2 phosphorylation with a significant increase in MLP, Calsarcin-1,
and cTnT phosphorylation in failing ICM tissues compared to non-failing donor tissues
(Table S4). We also found sarcomeric protein expression levels to be significantly altered

in ICM tissues compared to non-failing donor tissues with a significant decrease in cTnl,
ENH2, and B-Tpm expression and significant increase in a-SKA expression. Previously, our
lab has employed a top-down MS combined with affinity purification of cTnl to characterize
cTnl proteoforms in ICM and DCM tissues, which revealed that cTnl phosphorylation

was greatly reduced in failing ICM and DCM hearts compared to brain-dead donor

hearts, implying that phosphorylation of cTnl is a potential biomarker for chronic heart
failure.33 Moreover, in another previous study, Peng et al. generated swine models with
acute myocardial infarction (AMI) and identified reduced phosphorylation in ¢cTnl and
MLC?2 in the myofilaments and ENH2 in the Z-disk.”2 We do observe some similar
proteoform changes in swine and human ischemia such as reduced phosphorylation of cTnl
and ENH2. On the other hand, we have also observed unique differences only in human
ischemia but not in swine ischemia such as significant increases in cTnT, calsarcin-1, and
MLP phosphorylation, whereas reduced phosphorylation of MLC2 was observed in swine
AMI. Additionally, our lab has previously published an extensive study of the sarcomeric
proteoform landscape in human HCM.26 We found some similar proteoform changes in
ICM and HCM such as decreased phosphorylation of cTnl and ENH2, whereas significant
increases in MLP and calsarcin-1 phosphorylation were only observed only in ICM but

not in HCM. Since human heart tissue samples in ICM and HCM were obtained from
end-stage/late-stage heart failure patients, conceivably they share similarity likely due to

the converging pathways and similar molecular processes that leads towards heart failure.
Conversely, distinct proteoform changes observed are representative of their respective
cardiomyopathies.

One major limitation of this study is the difficulty in detecting the large proteins (>50 kDa)
using our online top-down LC-MS/MS approach mainly due to the co-elution of proteins
during the 1DLC separation prior to MS/MS analysis and the exponential decrease in the
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signal-to-noise ratio as protein molecular weight increases.2843 Moreover, it is difficult to
identify large proteins due to the limited fragments from online LC-MS/MS data. Our lab
has previously developed a top-down 2D-LC method using offline serial size exclusion
chromatography (sSEC) to separate high MW proteins up to 223 kDa and coupling with
top-down MS for detection of large proteoforms.3 While the 2DLC sSEC method allows
for high-resolution size-based fractionation of large intact proteins from complex protein
mixtures, this offline 2DLC method was time consuming and required a large amount of
samples. Here we only have a limited amount of ICM tissue samples which were collected
during LVVAD surgery. Despite these limitations, the major advantages of this online top-
down LC-MS/MS method include high reproducibility, superior linearity, and unambiguous
quantification of protein PTMs and expression in the sarcomeric subproteome from failing
ICM and non-failing donor human cardiac tissues.

Conclusion

We employed a top-down MS proteomics method for the simultaneous quantification of
sarcomeric protein expression and PTMs from ICM and donor human cardiac tissues.

This study represents the first top-down LC-MS/MS-based proteomics study of human
ICM, which uncovers a diverse sarcomeric proteoform landscape and molecular changes
associated with end-stage ischemic heart failure. We identified five significant changes in
phosphorylation and four significant changes in protein expression in ICM. Notably, we
observed a coordinated decrease in the phosphorylation and expression of cTnl and ENH2,
implying dysregulation in the PKA-mediated pathway during ischemic HF. Our results also
revealed that Z-disk proteins are altered during ICM, as we observed a significant increase
in phosphorylation of calsarcin-1 and MLP. Finally, our results showed differential isoform
expression of a-SKA and skB-Tpm in ICM. Overall, our results highlight the importance

of characterizing ICM at the proteoform level to reveal molecular changes within the
extremely complex cardiac proteome. In-depth understanding of the molecular consequences
underlying ICM will provide valuable information on ICM disease progression and possible
therapeutic interventions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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LC liquid chromatography
MSMS tandem MS

Q-TOF quadrupole time of flight

Lv left ventricle

LVAD left ventricular assist device
ICM ischemic cardiomyopathy
HCM hypertrophic cardiomyopathy
DCM dilated cardiomyopathy

PTM post-translational modification
TFA trifluoroacetic acid

CAD collision activated dissociation
BPC base peak chromatogram

TIC total ion chromatogram

EIC extracted ion chromatogram
AUC area under curve

PKA protein Kinase A

PKC protein kinase C

MLP muscle lim protein

CRIP2 cysteine-rich protein 2

cTnT cardiac troponin T

ENH2 enigma homolog 2

FHL2 four and a half LIM domain protein 2
cTnl cardiac troponin |

tpm tropomyosin

MLC myosin light chain

TnC troponin C
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Figure 1. Label-free top-down proteomics wor kflow for the simultaneous quantification of
sarcomeric protein expression and modification in ICM.

Sarcomeric proteins were extracted from ~10 mg of failing donor (7= 16) and ICM (n

= 16) human cardiac tissues using a differential pH-based extraction. Tissue was first
homogenized in HEPES buffer (pH = 7.4) to remove cytosolic proteins. After centrifugation,
the remaining pellets were homogenized in TFA buffer (pH = 2.0) to enrich for sarcomeric
proteins. Intact proteins (400 ng) were then separated by online reverse-phase LC and MS
data (MS?) were acquired using a Bruker maXis 11 quadrupole-time-of-flight (QTOF) mass
spectrometer. All data analysis was performed using Bruker DataAnalysis v. 4.3. Protein
modifications were quantified by calculating the relative abundance of the most abundant
proteoforms from the deconvoluted spectra. Protein expression was quantified by finding the
area under the curve (AUC) of the EIC.
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Figure 2. Diver se proteoform landscape detected in donor and |CM human car diac tissues.
(a) Representative base peak chromatograms (BPC) showing high-resolution separation of

intact sarcomeric and Z-disk proteins muscle lim protein (MLP), cysteine-rich protein 2
(CRIP2), cardiac troponin T (cTnT), enigma homolog 2 (ENH2), cypher-6, elfin, cypher-5,
four and a half LIM domain protein 2 (FHL2), calsarcin-1, cardiac troponin | (cTnl),
tropomyosin (Tpm), ventricular myosin light chain-1 (MLC-1V), atrial myosin light chain-1
(MLC-1a), ventricular myosin light chain-2 (MLC-2v), alpha-actin (a-actin), troponin C
(TnC) in non-failing donor (blue trace) and ICM (red trace) tissues procured via left
ventricular device surgery. (b) High-resolution deconvoluted mass spectra highlighting

the variety of sarcomeric and Z-disk proteoforms observed. Red pand op denote
monophosphorylated and bisphosphorylated proteoforms, respectively.
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Figure 3. Mutual linear range response deter mination for key sarcomeric proteins.
(a) Overlaid BPCs of 250, 400, 500, 600, 750, 1000, and 1200 ng of total protein loaded

into the LC-MS demonstrating highly similar proteoform profiles. (b) EICs were generated
for ENH2, cTnl, a-Tpm, MLC-1v, MLC-2v, and TnC by combining the top 3-5 most
abundant charge states of all proteoforms of the same protein. (c) Mutual linear range
response determination for key sarcomeric proteins. AUCs of the individual sarcomeric
proteins exhibit mutual linear correlation with 250-1200 ng of total protein injected with 3
injection replicates for each point.
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Figure 4. Coordinated decreasein cTnl and ENH2 phosphorylation in ICM.
(a) Representative high-resolution deconvoluted spectra and EICs of cTnl and ENH2

in non-failing donor (blue) compared to ICM (red) tissues. Red pand pp denote
monophosphorylated and bisphosphorylated proteoforms, respectively. (b) Quantification
of cTnl and ENH2 expression. Groups were considered significantly different by paired-
student #tests with p < 0.05. (c) Total protein phosphorylation calculated by mol pi/mol
protein for cTnl and ENH2. Box, median and interquartile range (25%, 75%); whiskers,
minimum and maximum values. Horizontal lines represent the median of the group. Groups
were considered significantly different by paired-student #tests with p< 0.001. (d) Linear
correlation between ENH2 and cTnl phosphorylation. The Pearson correlation coefficient
(r=0.8926) considers the groups strongly correlated and statistically significant with p <

0.00001.
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Figure 5. Differential isoform expression of tropomyosin and a-actin.
(a) Representative high-resolution deconvoluted spectra of tropomyosin in non-failing

donor (blue) compared to ICM (red) tissues. We identified four Tpm isoforms including
a-Tpm, B-Tpm, x-Tpm, and y-Tpm. Red p denotes monophosphorylated proteoforms. (b)
Representative deconvoluted spectra of a-CAA and a-SKA in non-failing donor (blue)
compared to ICM (red) tissues. (c) Quantification of Tpm and a-actin isoforms by finding
the AUCs of each respective isoform. Groups were considered significantly different by
paired-student #tests with p< 0.005.
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Figure6. Increasein ML P and calsarcin-1 phosphorylation in ICM.
(a) Representative high-resolution deconvoluted spectra of MLP in non-failing donor

(blue) compared to ICM (red) tissues. Red p denotes monophosphorylated MLP. (b)

Total protein phosphorylation calculated by mol pi/mol protein for MLP. Box, median

and interquartile range (25%, 75%); whiskers, minimum and maximum values. Horizontal
lines represent the median of the group. Groups were considered significantly different by
paired-student #tests with p < 0.01. (c) Representative high-resolution deconvoluted spectra
of calsarcin-1 (Cal-1) in non-failing donor (blue) compared to ICM (red) tissues. Red p,

pp, and ppp denotes mono-, bis-, and tris-phosphorylated proteoforms, respectively. (d)
Total protein phosphorylation calculated by mol pi/mol protein for calsarcin-1. Box, median
and interquartile range (25%, 75%); whiskers, minimum and maximum values. Horizontal
lines represent the median of the group. Groups were considered significantly different by
paired-student #tests with p < 0.05.
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