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ABSTRACT: Myocardial ischemia-reperfusion (IR) (stunning) injury
triggers changes in the proteome and degradome of the heart. Here, we
utilize quantitative proteomics and comprehensive degradomics to
investigate the molecular mechanisms of IR injury in isolated rat hearts.
The control group underwent aerobic perfusion, while the IR injury group
underwent 20 min of ischemia and 30 min of reperfusion to induce a K.\
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stunning injury. As MMP-2 activation has been shown to contribute to

myocardial injury, hearts also underwent IR injury with ARP-100, an P Degradome

9. . PR I I P . : L changes changes
MMP 2 pFeferrmg .mhlbltor, to dlsse.cjc .the contribution of MMP-2 to IR R O e s
injury. Using data-independent acquisition (DIA) and mass spectroscopy,  emerusion N-terminomics)
we quantified 4468 proteins in ventricular extracts, whereby 447 proteins injury

showed significant alterations among the three groups. We then used

subtiligase-mediated N-terminomic labeling to identify more than a

hundred specific cleavage sites. Among these protease substrates, 15 were identified following IR injury. We identified alterations
in numerous proteins involved in mitochondrial function and metabolism following IR injury. Our findings provide valuable insights
into the biochemical mechanisms of myocardial IR injury, suggesting alterations in reactive oxygen/nitrogen species handling and
generation, fatty acid metabolism, mitochondrial function and metabolism, and cardiomyocyte contraction.

KEYWORDS: proteolysis, ischemic heart disease, intracellular protease, matrix metalloproteinase, degradomics, mass spectrometry,
data-independent acquisition

B INTRODUCTION the quantification of low abundant peptides,'’ improves
Cardiovascular diseases caused 19.1 million deaths globally in reproducibility in complex samples,'”* and enables deep
2020." Ischemic heart disease results from partial or total proteome coverage without the use of extensive prefractiona-
coronary artery occlusion, often due to atherosclerotic plaque tion techniques.m The utilization of these newer technologies
buildup, coronary vasospasm, or blood clots.” To prevent to assess protein abundance changes following myocardial IR
ischemic cell death and preserve cardiac function, reperfusion injury has not yet been reported.
by pharmacological or mechanical intervention is necessary.’ Intracellular proteins cleaved by various proteases during
However, reperfusion can cause further damage to cardiac myocardial IR injury, including cardiac troponin I,"*~"” cardiac
cells, due to the cellular changes in response to oxidative stress, troponin T,””*! titin,”> myosin light chain 1,7 sarco/
also known as ischemia-reperfusion (IR) injury.”™* endoplasmic reticulum calcium ATPase (SERCA2a),”"** a-
Previous proteomics studies have reported protein abun- actinin,”**"*5*% ryanodine receptor,”* lactate dehydrogenase

dance changes following myocardial IR injury, using 2D-gel (LDH)," and tropomyosin 21
electrophoresis’~” or using in-solution digestion and isobaric ’ '
labeling'® followed by liquid chromatography and tandem
mass spectrometry (LC—MS/MS).””” In recent years, major
advances in protein identification and quantification have been
enabled by an increase in the speed and sensitivity of mass
spectrometers, improved sample preparation, and the develop-
ment of data-independent acquisition (DIA) methods which
continuously monitor peptide abundances.''~'* DIA improves

among others, have been
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identified using biochemical and imaging techniques. Specific
cleavage sites, and the protease(s) responsible for their
proteolysis, remain largely unknown, although -calpains,
cathepsins, caspases, and matrix metalloproteinases
(MMPs),”” such as MMP-2, have been identified on the
basis of gharmacological inhibition and transgenic ap-
proaches.”

Degradomics is the study of proteases, their substrates, and
inhibitors. Traditional studies of proteolysis in biological
systems include immunoblotting, immunohistochemistry, and
immunofluorescence. However, these processes have low
throughput and rely on the quality, availability, and specificity
of antibodies to the substrate protein of interest. Developing
high-throughput methods to identify proteolytic cleavage sites
can lead to a better understanding of the progression of IR
injury. Subtiligase-mediated N-terminomics, for example,
enables the identification of hundreds of cellular proteolytic
cleavage events.”” ™"

Here, we aimed to assess the intracellular proteome and
degradome changes following myocardial IR injury in isolated,
perfused rat hearts. We used mass spectrometry approaches
with DIA analysis to assess the global proteome changes. In
addition, we used subtiligase-mediated N-terminomics to
identify protease cleavage sites in these hearts and expand
the repertoire of known proteins cleaved during IR injury.
Using direct DIA, we quantified 4468 proteins and found
statistically significant alterations in 447. Using subtiligase-
based N-terminomics, we identified 132 to 149 cleavage sites
in each heart group, with 15 unique to hearts that were
subjected to IR injury. In particular, our data indicate
alterations in mitochondrial function and metabolism,
suggesting potential therapeutic targets to limit damage due
to IR.

B EXPERIMENTAL PROCEDURES

Animal experiments in this study were approved by the
University of Alberta Institutional Animal Care and Use
Committee (AUP 329). All animals used in this study were
treated in accordance with the Guide to the Care and use of
experimental animals by the Canadian Council on Animal Care
(CCAC) and the Guide for the Care and Use of Laboratory
Animals published by the United States National Institutes of
Health (NIH, eighth edition, revised 2011).

Isolated Working Heart Perfusions

Adult male rat hearts were isolated and perfused as working rat
hearts, as described previously.”” Briefly, male Sprague—
Dawley rats (300—400 g) were anesthetized with sodium
pentobarbital (240 mg/kg), and hearts were rapidly excised
and rinsed in ice-cold (4 °C) Krebs-Henseleit solution. Hearts
were initially perfused in the Langendorff mode for 10 min at a
constant pressure of 60 mmHg at 37 °C. Then, hearts were
switched to the working heart mode.

Control hearts (AER) were perfused aerobically for 70 min.
Ischemia-reperfused hearts were perfused aerobically for 20
min, followed by 20 min of global, no-flow ischemia, and 30
min of aerobic reperfusion. Either vehicle (0.05% DMSO) or
the MMP-2 preferring inhibitor, ARP-100 (10 uM), were
added 10 min prior to the onset of ischemia. Following
perfusion, all hearts were flash frozen in liquid nitrogen and
stored at —80 °C until use. Extensive physiological data on
heart function are found in ref 23. A detailed protocol is
provided in the Supporting Information. Six hearts were
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perfused into each group. Due to tissue availability and
material use, five hearts from each group were used for
proteomics and two for degradomics.

Preparation of Ventricular Extracts after Perfusion

Pulverized frozen ventricles were lysed in RIPA buffer
(Thermo Fisher Scientific) supplemented with 5% (w/v)
SDS in the presence of protease inhibitors [S mM EDTA, 1
mM 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride,
1 mM phenylmethanesulfonyl fluoride, and 4 mM iodoaceta-
mide] using a mortar and pestle on ice (4 °C). The lysates
were then homogenized by sonication using a Qsonica
sonicator (Mandel Inc.) for 2 min (40% amplitude, 2 s on, 2
s off) on ice (4 °C). Total protein concentration was assessed
by the bicinchoninic acid (BCA) assay using bovine serum
albumin (Bio-Rad Inc.) as a standard.

Sample Preparation Using Suspension-Trapping (S-Trap
Columns) for Label-Free Protein Quantification

Ventricular extracts (50 g of total protein/sample) from five
biological replicates (hearts) per condition were acidified with
phosphoric acid to 1.2% (v/v) at room temperature. Acidified
proteins were captured on S-trap columns (ProtiFi). The
columns were washed four times with 90% methanol in 100
mM tetraethylammonium bicarbonate to remove detergent
and other contaminants. Trypsin was suspended in 50 mM
tetraethylammonium bicarbonate and added to the columns
(1:10 pg total protein/ug trypsin, mass-spectrometry grade
trypsin, Promega Inc.). The columns were incubated overnight
at 37 °C. The tryptic peptides were eluted in one fraction with
0.2% formic acid followed by 50% acetonitrile. The samples
were dried under a vacuum to remove excess acetonitrile. Once
dried, peptides were resuspended in S50 uL of 0.1%
trifluoroacetic acid and desalted on C-18 resin at room
temperature (ZipTip, Millipore Sigma). The samples were
then dried again and resuspended in 20 uL of 0.1% formic acid
for analysis on LC—MS/MS.

Mass Spectrometry for Proteome Quantification
(Proteomics Workflow)

LC—MS/MS was carried out by reverse phase LC (Thermo
Scientific EASY-nLC 1200) interfaced to an Orbitrap Fusion
Lumos Tribrid (Thermo Fisher Scientific) mass spectrometer.
An analytical column (1.7 ym beads, 120 A pore size, 75 um X
25 cm, Aurora; IonOpticks) was used for the reverse-phase
separation of the peptide mixture. Peptides were eluted over a
linear gradient over the course of 120 min from 3.85 to 36.8%
acetonitrile in 0.1% formic acid. Spectra were acquired using
DIA with an MS1 orbitrap resolution of 120,000 fwhm and a
scan range of 350—2000 m/z. MS2 resolution was 30,000
fwhm with a scan range of 350—1400 m/z and an isolation
window of 38.5 m/z. The positive ion voltage was 1650 V by
using higher-energy collision dissociation (HCD). The
dynamic exclusion properties include exclusion after one
time for 45 s.

Raw data were analyzed using Spectronaut (v18) software
against the rat proteome (2023.0S.10. rat proteome sequence
downloaded from https://www.uniprot.org/). Search parame-
ters include a parent mass tolerance of 15 ppm, a fragment ion
mass tolerance of 0.8 Da, up to two missed trypsin cleavages,
and charge states of 2—4. Constant modification was set to
carbamidomethylation of cysteine, and variable modifications
include oxidation of methionines and acetylated protein N-
termini. Identified peptides were searched against a random
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Figure 1. Overview of mass spectrometry-based proteomics and degradomics used to investigate ventricular extracts from isolated perfused hearts.
(A) Three heart groups include aerobically perfused for 70 min with 0.05% DMSO vehicle (AER); hearts perfused aerobically for 20 min followed
by 20 min of global no-flow ischemia and 30 min of aerobic reperfusion (IR); as IR but with 10 4M ARP-100 (IR + ARP-100). AER is represented
by a gray heart, IR by a gray heart with a red protease, and IR + ARP-100 with a white protease and green inhibitor. (B) Quantitative proteomics is
used to quantify proteome changes in ventricular extracts following IR injury. Proteins are extracted (5% SDS buffer) from heart tissue, followed by
capture on S-trap columns, trypsin digestion, and extraction. Tryptic peptides are identified and quantified using data-independent acquisition
(DIA) on LC—MS/MS. Degradomics is used to identify protease substrates cleaved in the three heart groups. (C) Ventricular extracts (1% SDS
buffer) from all groups were subjected to N-terminal labeling. The enzyme subtiligase ligates a biotinylated peptide ester to the N-termini of the
proteolytic fragments. Labeled protein fragments are enriched on neutravidin beads, digested with trypsin, and released. Labeled peptides contain a
unique mass at the N-terminal (red, aminobutyric acid, +154 Da) to enable the identification of the protease substrates and the precise cleavage site
locations originating from proteolysis in the heart. Tryptic peptides are identified using LC—MS/MS.

decoy protein database to evaluate the false-positive rate (set
to 1%). All raw data are deposited in MassIVE
(MSV000092906). Gene ontology was performed using
https://metascape.org against the rat proteome. Enrichment
was performed using GO biological processes, KEGG pathway,
Reactome Gene Sets, CORUM, TRRUST, PaGenBase, and
Wiki Pathways.>

Hypothesis testing for heatmaps was performed using
Analysis of Variance (ANOVA) followed by the Tukey honest
significant difference post hoc test. Protein abundances
between samples were normalized using a z-score. Heatmaps
were constructed using R (R Core Team 2018, v4.2.1) with
superheat.”® Gene ontology was performed on proteins with
significant changes in abundance (FC > 2 and p < 0.05) using
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https://metascape.org against the rat proteome.’” A detailed
protocol is provided in the Supporting Information.

N-Terminomic Labeling (Degradomics Workflow)

N-terminal labeling was performed on lysates with 1 uM
subtiligase (wild-type and M222A mutant) and 1 mM
TEVest6 for 2 h at room temperature. Samples were taken
at 1 h for Western blot analysis to test the efficiency of labeling
(data not shown). Labeled proteins were precipitated in ice-
cold acetonitrile overnight (—80 °C) followed by centrifuga-
tion at 14,000g for 30 min. Pellets were dried at room
temperature and denatured in 8 M guanidine hydrochloride.
Proteins were then reduced with 2 mM tris(2-carboxyethyl)
phosphine and alkylated in 4 mM iodoacetamide. The
remaining iodoacetamide was quenched with 10 mM

https://doi.org/10.1021/acs jproteome.3c00754
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Figure 2. Relative proteome changes in ventricular extracts following ischemia-reperfusion (IR) injury compared with aerobic controls (AER). (A)
Volcano plot shows proteins with a decreased (blue) or increased (orange) abundance in IR compared to aerobic control hearts with a fold change
greater than two and a significant p-value of <0.05. Proteins are identified with the gene name for simplicity. AER is represented by a gray heart and
IR by a gray heart with a red protease. (B) Bar graph presented shows the enriched gene ontology pathways corresponding to protein abundances
significantly altered (decreased in blue or increased in yellow) by two-fold with a p-value <0.0S. A detailed list of proteins is provided in Supporting
Information 3 and 4. Five biological replicates for each group were analyzed.

dithiothreitol, and the proteins were precipitated in ice-cold
ethanol for 48 h (—20 °C). Biotinylated N-terminal peptides
were captured on a neutravidin (Pierce High Capacity
Neutravidin Agarose) resin for 18 h at room temperature.
The resin was washed with 4 M guanidine hydrochloride, and
protein fragments were trypsinized in 100 mM bicine at room
temperature. Labeled peptides were released from the beads
with tobacco etch virus protease (purified in our laboratory)
overnight at room temperature. The samples were dried,
resuspended in 2.5% trifluoroacetic acid, desalted on C18 zip
tips, and eluted with 80% acetonitrile and 0.1% trifluoroacetic
acid. Peptides were dried under vacuum and resuspended in 15
L of 0.1% formic acid for analysis on LC—MS/MS.

Mass Spectrometry for N-Terminomic Labeling

Peptides were separated using nanoflow-HPLC (Thermo
Scientific EASY-nLC 1200) interfaced to an Orbitrap Fusion
Lumos Tribrid (Thermo Fisher Scientific) mass spectrometer.
An analytical column (2 pm beads, 100 A pore size, 75 um X
25 cm, EASY-Spray; Thermo Fisher Scientific) was used for
the reverse-phase separation of the peptide mixture. Peptides
were eluted over a linear gradient over the course of 120 min
from 3.85 to 36.8% acetonitrile in 0.1% formic acid. Spectra
were acquired using data-dependent acquisition with an MS1
orbitrap resolution of 120,000 fwhm and a scan range of 375—
1700 m/z. Charges between 2 and 7 were included. The
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positive ion voltage was 2100 V using HCD. The dynamic
exclusion properties include exclusion after one time for 45 s.

Raw data were analyzed using Thermo Proteome Prospector
(v 5. 22. 1) software against the rat proteome (2021.06.21. rat
proteome sequence downloaded from https://www.uniprot.
org/). Search parameters include a parent mass tolerance of 15
ppm, a fragment ion mass tolerance of 0.8 Da, up to three
missed trypsin cleavages, charge states of 2, 3, 4, a constant
mode of carbamidomethylation of cysteine, tryptic digestion,
variable modifications of aminobutyric acid on protein N-
termini, and oxidation of methionines. Identified peptides were
searched against a random decoy protein database to evaluate
the false-positive rate (set to 1%). All raw data are deposited in
MassIVE (MSV000092906). Gene ontology was performed
using https://metascape.org against the rat proteome. Enrich-
ment was performed using GO biological processes, KEGG
pathway, Reactome Gene Sets, CORUM, TRRUST, PaGen-
Base, and Wiki Pathways.*”

Immunoblotting Analysis

Heart extracts were thawed on ice, and 20 ug of total protein of
each sample was separated using SDS-polyacrylamide gel
electrophoresis (4—20% gradient, Biorad 456—1086). Proteins
were then wet-transferred to a nitrocellulose membrane using
wet transfer (1.25 h at 35 V). Membranes were incubated at
room temperature for 1.5 h with shaking in blocking buffer
(LI-COR Biosciences), followed by overnight incubation with

https://doi.org/10.1021/acs jproteome.3c00754
J. Proteome Res. 2024, 23, 844—856
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the following primary antibody solutions at 4 °C: CH60
[Proteintech, (15282—1-AP); 1:1000], KADI1 [Proteintech,
(14978—1-AP); 1:1000], MYL4 [Proteintech, (67533—1-Ig);
1:500], lactate dehydrogenase A (LDHA) [Proteintech,
(21799—1-AP); 1:500], actinin alpha 2 (ACTN2) [Protein-
tech, (14221—1-AP); 1:1000], SERPH [Proteintech, (67863—
1-Ig); 1:1000], beta-tubulin [Sigma-Aldrich, (T5293);
1:1000], alpha-tubulin [Abcam, (18251); 1:1000], and beta-
actin [abcam, (18226); 1:1000]. Following that, membranes
were incubated with goat antirabbit IgG secondary antibody
[IRDye Li-Cor Biosciences (926—32210); 1:6000] for CH60,
KAD1, and ACTN2, and goat antimouse IgG secondary
antibody [IRDye Li-Cor Biosciences, (926—32210); 1:6000]
for all other proteins, for 1 h at room temperature and imaged
and quantified using LI-COR Odyssey XF imaging system and
image studio.

B RESULTS

Identification of Proteome Changes Resulting from
Cardiac IR Injury

We used adult rat hearts that were isolated and perfused in the
working heart mode as a model of IR injury. This method
involves perfusing hearts in an oxygenated salt solution to
mimic physiological conditions. We used three experimental
groups: an aerobic control (AER) consisting of hearts
continuously perfused for 70 min as a time control, an IR
group consisting of hearts subjected to no-flow ischemia for 20
min followed by 30 min of reperfusion, and a treatment group
(IR + ARP-100) consisting of hearts undergoing IR but treated
with the MMP-2 preferring inhibitor, ARP-100 (Figure
1A).23’34‘3’5 Physiological data, including heart rate, cardiac
output, and cardiac work before and after IR, have been
previously reported”’ and are presented in Figure S1. In short,
IR caused a decrease in the heart rate, cardiac output, and
cardiac work. All were increased in the IR + ARP-100 group.

Ventricular proteins were extracted from each of n = S hearts
per group for analysis by DIA LC—MS/MS, where we report
the quantification of 4468 proteins (Figure 1B). Our results
show that we successfully solubilized proteins from various
cellular compartments, including the cytoplasm (16.4%),
mitochondria (12.0%), nucleus (11.9%), and membrane
bound (20.1%), identified by gene ontology analysis (Figure
S2A). We identified between 4449 and 4465 proteins in each
lysate with 4439 proteins common to all three heart groups.
The strong overlap is reflected in the Venn diagram by a small
area for proteins unique to each group (Figure S2B). Several
vital structural proteins typically found in cardiac tissues (-
actin, a-tubulin, and fS-tubulin) showed nonsignificant protein
abundance changes, as expected, and acted as internal controls
(Supporting Information 1 and 2).

We first performed a comparative analysis of protein
abundance levels following IR injury compared with AER
(Figure 2A). Using an unpaired Student’s ¢ test (p-value <0.05
and a fold change >2), we found 83 proteins decreased and 26
increased in abundance after IR injury. Proteins may increase
in response to stress to prevent or even worsen cellular injury
or undergo subcellular localization changes. We performed a
gene ontology analysis and found that proteins with decreased
abundance were involved in telencephalon development,
positive epigenetic regulation of rRNA expression, cornified
envelope formation, and proton transmembrane transport. Of
note, cardiomyocyte proteins are typically not involved in
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telencephalon development and cornified envelope formation;
thus, enrichment of these pathways could be due to processes
occurring in noncardiomyocyte cells of the heart or be simply
part of the inherent limitations of gene ontology analysis.
Interestingly, we recently showed that MMP-2 localized to
nucleoli regulates rRNA transcription by proteolysis of
histones.”® For example, the level of Na*/K'- transporting
ATPase subunit alpha-3 (ATP1A3) (included in proton
transmembrane transport) decreased by a fold change of 2
following IR injury. ATP1A3 is responsible for the transport of
sodium out and potassium into the cytoplasm. Our findings are
consistent with a previous in vitro study for IR injury which
reported lower levels of ATP1A3 at the cell surface.””

Of the 26 proteins showing an increased protein level, we
found that proteins involved in the organophosphate
biosynthetic process and negative regulation of intracellular
signal transduction were enriched (Figure 2B). For example,
the abundance of natriuretic peptide A, involved in both
pathways, was increased by a fold change of 4.5. The role of
natriuretic peptides in cardiovascular diseases is well studied.
For example, treatment with a synthetic alpha-human atrial
natriuretic peptide before IR injury reduced infarct size,
indicating a potential cardioprotective effect.’”® Although we
observed an increase in the level of natriuretic peptide A, its
cardioprotective effects remain unknown in the present study.

We also assessed ventricular protein abundance changes
resulting from ARP-100 treatment during IR. We compared
protein abundance levels in rat hearts following IR injury +
ARP-100 (Figure S3A). Using the same unpaired Student’s ¢
test (p-value <0.0S and a fold change >2), we found that 72
proteins decreased, and 42 increased in abundance in IR +
ARP-100 hearts. The gene ontology analysis revealed that
proteins with decreased abundance were involved in establish-
ing protein localization to organelles, positive regulation of
transmembrane transport, and cellular homeostasis (Figure
S4A). Interestingly, phospholemman levels decreased in IR +
ARP-100 hearts by a fold change of 2.4. Phospholemman
associates with the Na/K*—transporting ATPase,39 and over-
expression of a mutant lacking a phosphorylation site improved
cardiac contractile function following IR injury.*’ These results
uncover a potential mechanism for improving cardiac
contractile function following ARP-100 treatment during IR
injury. As a control, a comparative analysis of protein
abundance changes in IR + ARP-100 compared to AER is
presented (Figure S3B) with the gene ontology (Figure S4B).
A complete list of the comparative and gene ontology analyses
is provided in Supporting Information 4 and 5.

Overall Proteome Changes between AER, IR, and IR +
ARP-100

Next, we aimed to assess the overall proteome changes among
the three heart groups. We conducted ANOVA using a p-value
threshold of 0.05, to determine which proteins significantly
changed in abundance across the three groups. We then scaled
the abundances (z-scores) to show the relative changes. The
data are presented as a heatmap with hierarchical clustering
based on the protein abundance patterns. We identified 447
proteins that exhibited significant changes in abundance, as
illustrated in Figure 3A. The heatmap displays the changes as a
result of IR injury by comparing column 1 (AER) and 2 (IR).
The third column (IR + ARP-100) shows the pharmacopro-
teomic effects of an MMP-2 preferring inhibitor. We also
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Figure 3. Significantly altered proteins quantified in ventricular
extracts from AER, IR, and IR + ARP-100 heart groups using the
proteomics workflow. Distinct protein abundance patterns between
the heart groups are depicted as a heatmap. AER is represented by a
gray heart, IR by a gray heart with a red protease, and IR + ARP-100
with a white protease and green inhibitor. (A) Proteins with
significantly altered abundances between the three groups were
identified by ANOVA with p < 0.05. Each column represents a
distinct heart group, as indicated at the top. Each row represents a
unique protein. Each row is scaled with a z-score and colored to
indicate the protein abundance changes across each column. Blue
represents low, and orange represents high relative protein
abundance. Rows are grouped based on hierarchical analysis by one
minus Pearson’s clustering, with each protein abundance pattern
indicated on the right. (B) Gene ontology enrichment is shown for
unique protein abundance patterns as a bar graph. The number of
proteins in each pathway are indicated in brackets. Pathways
significantly enriched are identified based on p < 0.05. A detailed
list of proteins and gene ontology analysis is provided in Supporting
Information 2 and 3. Five biological replicates from each group were
investigated.

included all proteins for reference, depicted as a heatmap
(Figure SS).

Seven unique protein abundance patterns are indicated to
the right of the heatmap by line diagrams (Figure 3A, groups
[—VII). A bar graph displays the corresponding enriched gene
ontology pathways (Figure 3B).”> Proteins with decreased
abundance following IR injury are of particular interest (groups
L, II, and V). In group I, ARP-100 had no significant effect on
restoring the protein abundance, suggesting that MMP-2 does
not play a role in modulating the abundance of these proteins.
In groups II and V, ARP-100 significantly attenuated the
proteins to those seen in the AER group. Thus, MMP-2 could
be involved in the loss of these proteins following IR. These
proteins include cofilin-1, complex III assembly factor LYRM?7,
ATP synthase membrane lipid-binding protein, glutaryl-CoA
dehydrogenase, and methionine-R-sulfoxide reductase B2.
Each of these proteins plays a role in tissue remodeling,
contractile function, or mitochondrial function/energy metab-
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olism. A complete list of all proteins identified within each
group is presented (Supporting Information 2).

We aimed to further characterize the abundance changes of
proteins measured with DIA mass spectrometry. We reinjected
the same samples (n = S) using DDA LC—MS/MS. The
overlap of quantified proteins and scaled data (z-score) for
select proteins are shown (Figure S6). Then, we further
characterized selected proteins using immunoblots compared
with DIA LC—MS/MS data. We chose proteins previously
implicated in IR injury with reliable and commercially available
antibodies. Representative immunoblots (n = 6) are presented
in Figure S7. The bar graphs depict protein quantification
using immunoblots (white) compared with LC—MS/MS
(blue). First, we selected a protein with consistent levels in
all three groups by LC—MS/MS. The protein abundance of 60
kDa heat shock protein (CH60) was measured by immuno-
blotting and found to be similar in all three heart groups as well
(Figure S7A). Second, we observed a decrease in the
abundance of adenylate kinase 1 (KAD1) in IR (P < 0.05)
measured by LC—MS/MS. No significant changes were
observed by immunoblot analysis (Figure S7A, middle
panel). Next, we observed a nonsignificant decrease in the
abundance of LDHA in IR hearts measured by LC—MS/MS
and a subsequent increase in IR + ARP-100 measured by
immunoblotting (p < 0.06) (Figure S7B). We observed no
changes in a-actinin 2 (ACTN2) measured by LC—MS/MS
and immunoblotting (Figure S7C, top panel). Then, we
observed a decrease in serpin H1 (SERPH) in IR + ARP-100
hearts measured by LC—MS/MS and immunoblotting (P <
0.05) (Figure S7C, middle panel). Finally, we observed
increased levels of myosin light chain 4 (MYL4) in IR
measured by immunoblotting (p < 0.05) but an increase in IR
+ ARP-100 hearts measured by LC—-MS/MS (p < 0.01)
(Figure S7D). Factors explaining these incongruities may
include multiple protein isoforms, varying antibody stability
and specificity, higher limits of detection, and the limited linear
dynamic range of immunoblotting.*'

N-Terminomics Following IR Injury

We then extracted ventricular proteins using 1% SDS, which is
necessary for compatibility with subtiligase reagents. We
labeled the newly formed N-termini of cleaved proteins using
subtiligase-mediated N-terminomics. We enriched for labeled
(cleaved) proteins on neutravidin beads and digested them
into semitryptic peptides on the beads. We eluted and desalted
the labeled peptides, followed by LC—MS/MS. We identified
132 to 149 cleavage sites in each heart group among >1500
peptides (Figure 1C) with a > 60% overlap between biological
replicates (Figure S8A—C). We found 15 cleavage sites unique
to the IR injury group and 18 unique to IR + ARP-100 (Figure
4A). For simplicity, we denote proteins cleaved following IR +
ARP-100 with the mathematical symbol for “intersection” (N).
Out of all of the identified peptides (labeled and unlabeled),
7—14% contained labeled N-termini representing an average of
1.3 cleavage sites on each identified protein substrate (Figure
S8D). A complete list of all cleavage sites and the overlap
between heart groups is presented in Supporting Information
6. Cleavage sites are identified based on Schechter and Berger
nomenclature, where residues surrounding cleavage are
denoted as P4—P3—P2—P1|P1’—P2'—P3’'—P4’ (Figure
S9A)."* We used IceLogos to display the specificity of
observed cleavage events for each heart group (Figure S9B—
G). Enriched amino acids appear above the x-axis, and de-
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Figure 4. Results from the degradomics workflow showing proteolytic changes in ventricular extracts from the AER, IR, and IR + ARP-100 heart
groups. N-terminomic labeling enables the identification of proteolytic sites following IR &+ ARP-100. AER is represented by a gray heart, IR by a
gray heart with a red protease, and IR + ARP-100 with a white protease and green inhibitor. (A) Number of unique cleavage sites identified in each
group is depicted. 11, 15, and 18 cleavage sites were only identified in AER, IR, and IR + ARP-100, respectively. (B) Gene ontology protein
enrichment is displayed for unique cleavage sites identified only in AER (gray), only IR (red), and only IR + ARP-100 (green) with p < 0.05. (C)
Proteins that were cleaved in IR and IR + ARP-100 heart groups are identified by their UniProt ID with the cleavage site (P4—P4’) (left). The
degradome and proteome changes are compared, whereby proteome changes (right panel) are depicted as a heatmap. Each column represents a
heart group, and each row represents a unique protein. For simplicity, we denote proteins cleaved in IR and IR + ARP-100 hearts with the
mathematical symbol for “intersection” (N). Each row is colored to indicate the protein abundance changes across each column. Blue represents
low, and orange represents high relative protein abundance. A detailed list of the cleavage sites, gene ontology, and heatmap is provided in
Supporting Information 6 and 7. Two biological replicates from each group were used.

enriched ones appear below. Unsurprisingly, the sequence stimuli. Among these is malate dehydrogenase (MDH), which
specificity of each group (all peptides) was found to be is a known MMP-2 substrate in vitro."”** In IR + ARP-100
identical (Figure S9B—D). By looking at only the unique hearts, cleaved proteins are involved in metabolism and
cleavage sites, we observed some small differences. For mitochondrial organization (Figure 4B).

example, we observed two Ala residues at P1 and P1’ for the Comparative Analysis of Proteomics and Degradomics in

AER hearts (Figure SOE), compared to Gly/Arg/Tyr at P1 for Rat Hearts Following IR Injury + ARP-100
the IR hearts. We noted the preference for small residues (P1’

After analyzing the degradome and proteome, we found 14
= S/A) (Figure S9G) in all three groups, but this is likely due

cleaved proteins following IR injury, corresponding to 15

to subtiligase specificity.”” Overall, the cleavage site specificity cleavage sites since enoyl-[acyl-carrier-protein] reductase was
between all three groups is similar, and we cannot identify one cleaved at two sites. All of which were also quantified in the
specific protease responsible for any of the cleavages. proteomics workflow. One of the proteins, CH60, was cleaved
We performed gene ontology” on cleavage sites identified following residue 27 (TRAYJAKDV). However, we observed a
unique to AER (gray), IR (red), and IR + ARP-100 (green). nonsignificant decrease in abundance in the proteomics
We observed that proteins cleaved in IR injury are involved in approach. Another protein, SERPH, was cleaved following
metabolism and in response to temperature and nutrition residue 18 (VALA|AEVK), and we observed a nonsignificant
850 https://doi.org/10.1021/acs.jproteome.3c00754

J. Proteome Res. 2024, 23, 844—856


https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.3c00754/suppl_file/pr3c00754_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.3c00754/suppl_file/pr3c00754_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.3c00754/suppl_file/pr3c00754_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.3c00754?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.3c00754?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.3c00754?fig=fig4&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.3c00754/suppl_file/pr3c00754_si_007.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.3c00754/suppl_file/pr3c00754_si_008.xlsx
https://pubs.acs.org/doi/10.1021/acs.jproteome.3c00754?fig=fig4&ref=pdf
pubs.acs.org/jpr?ref=pdf
https://doi.org/10.1021/acs.jproteome.3c00754?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Proteome Research

pubs.acs.org/jpr

increase in abundance in the proteomics approach (Figure 4C,
top panel). Of the 18 proteins cleaved following IR + ARP-100
(denoted by “N”), we quantified 17 in the proteomics
approach. We did not quantify the protein level of mediator
of RNA polymerase II transcription subunit 2, which may be
due to differences in protein extraction methods (Figure 4C,
lower panel). These data highlight the requirement for both
proteomics and degradomics approaches as degradome
changes are not always reflected in the proteome. This is
potentially due to a small proportion of the protein being
degraded in many cases.

B DISCUSSION

The pathophysiology of oxidative stress in cardiac IR injuries is
well established. For example, reperfusion exacerbates the
damage following ischemia by generating and releasing reactive
oxygen/nitrogen species (RONS).*~* Further intracellular
damage can occur by RONS-induced activation of proteases,
such as MMP-2.>°" We observed significant changes in the
abundance and cleavage of several proteins involved in RONS
handling and generation (Figure S). For example, the
abundance of methionine-R-sulfoxide reductase B2, which
reduces oxidative stress, decreased following IR injury (fold
change = 1.4, p-value = 0.003). Its levels increased in the IR +
ARP-100 hearts. This observation is consistent with previous
reports, indicating that its activity decreased during ischemia
and early reperfusion.>

L

Oxidative stress further modulates fatty acid metabolism in
cardiomyocytes. For example, the conversion of fatty acyl-CoA
into acetyl-CoA is coupled with hydrogen peroxide production
in peroxisomes.”> > Several peroxisomal proteins decreased in
abundance or were found to be cleaved following IR injury,
such as peroxisomal acyl-coenzyme A oxidase 1 and THIKA.
Interestingly, inhibition of THIKA is suggested to be
cardioprotective.’® Although this is the first report of cleavage
site identification of these proteins following IR injury,
previous studies report modulation of proteins involved in
fatty acid metabolism.’”*

Metabolic dysfunction is a well-documented consequence of
cardiac IR injury (see”” ®*). The lack of oxygen and altered
calcium homeostasis impact pyruvate and fatty acid oxidation,
and oxidative phosphorylation.”> Here, we found numerous
proteins involved in the metabolism of pyruvate that were
altered in abundance or identified by N-terminomics (Figure
S), such as pyruvate carboxylase, MDH, and LDH. The
abundance of LDH in IR injury is however controversial,
where its cleavage and secretion have been reported.'” LDH
converts pyruvate to lactate under anaerobic conditions. We
found that LDH levels were not significantly altered following
IR injury. On the contrary, in a report utilizing 2D-gel
electrophoresis, its levels increased after IR.” This study,
however, used 15 min of no-flow or 60 min of low-flow
ischemia in rabbit hearts. This discrepancy might also be
explained by the different methodologies used, for both protein
extraction and data acquisition. It is worth mentioning that we
also observed a decrease in LDH levels in IR injury using data-
dependent acquisition (data not shown). For an explanation
on differences between data-dependent and DIA in mass
spectrometry, see®™ for reviews.

Under aerobic conditions, pyruvate enters the tricarboxylic
acid cycle as acetyl-CoA or oxaloacetate.”® Alternatively, fatty
acyl CoA can be converted to acetyl-CoA. We identified the
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Figure S. Proteins involved in metabolism and cardiac muscle
contraction show differential protein abundances and cleavage
patterns following myocardial IR injury. Some proteins involved in
the tricarboxylic acid cycle, electron transport chain, and cardiac
muscle contraction, among others, are cleaved following myocardial
IR injury. Proteins are labeled by their UniProt ID and defined below.
Proteins with decreasing or increasing abundances following
myocardial IR injury are denoted by blue or orange letters,
respectively. A red protease “Pac-Man” represents cleavage following
IR, and a white protease with a green triangle represents cleavage
following IR and IR + ARP-100. Proteins displayed are those involved
in the mentioned pathways with significant changes in abundance,
based on Student’s ¢ test used in volcano plot analysis, or that are
cleaved, based on gene ontology analysis with p < 0.05. Proteins are
denoted as follows: 3-ketoacyl-CoA thiolase A (THIKA), actinin
alpha 2 (ACTN2), adenylate kinase isoenzyme 1 (KADIL), ATP
synthase membrane lipid-binding protein (ATPSmc), ATP synthase
subunit alpha (ATPA), ATP synthase-coupling factor 6 (ATPSJ),
cofilin-1 (COF1), complex III assembly factor LYRM7 (LYRM7),
cytochrome ¢ oxidase subunit 4 isoform 1 (COX41), D-dopachrome
decarboxylase (ODH), electron transfer flavoprotein subunit alpha
(ETFA), glutaryl-CoA dehydrogenase (GCDH), isocitrate dehydro-
genase (IDH), L-lactate dehydrogenase (LDH), malate dehydrogen-
ase (MDH), methionine-R-sulfoxide reductase B2 (MSRB2), myosin
light chain 4 (MYL4), myozenin-2 (MYOZ2), NADH dehydrogenase
complex I assembly factor 6 (NDUF6), NADH dehydrogenase
complex I assembly factor 7 (NDUF7), PDZ and LIM domain
protein 7 (PDLIM7), peroxisomal acyl-coenzyme A oxidase 1
(ACOX1), pyruvate carboxylase (PC), ryanodine receptor 2
(RyR2), sarcoplasmic/endoplasmic reticulum calcium ATPase 3
(AT2A3), sarcoplasmic/endoplasmic reticulum calcium ATPase 2
(SERCA) sodium/potassium-transporting ATPase subunit alpha-1
(AT1A1), and utrophin (UTRN).

cleavage of both IDH and MDH (Figure 5). The role of IDH
in IR injury and hypoxia-reoxygenation has been well
documented, although proteolysis has not been previously
repor’ced.67_69 MDH, on the other hand, is a known MMP-2
substrate, as determined in vitro by identifying its cleavage site
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by LC—MS/MS analysis of a protein library.”>**”® Following
the citric acid cycle, intermediates proceed to the electron
transport chain to produce ATP via oxidative phosphorylation.
The involvement of these pathways in myocardial IR injury has
been previously reported,”'” including the release of RONS
through complex I disrupting ATP generation.”*””" We
observed a decrease in electron-transfer flavoprotein subunit
alpha abundance and an increase of NADH dehydrogenase
complex I assembly factor 7. We also observed cleavage of
complex I assembly factor 6. Inhibition of RONS release
through complex I has been shown to prevent IR injury.””””

Metabolic alterations following myocardial IR injury are
ultimately linked to cardiac contraction, which is maintained
by excitation-contraction coupling.”* When intracellular
calcium levels increase during IR,” sarcomeric proteins are
affected, leading to contractile dysfunction.”””” Consistent
with this, we observed a decrease in the abundance of several
myocardial proteins, including sodium- and potassium-trans-
porting ATPase 3, cofilin-1, cofilin-2, and utrophin, in IR
hearts. Interestingly, we found an increase in cofilin-1 in IR
hearts treated with ARP-100. Cofilins contribute to actin
remodeling and depolymerization.””” Cofilin-1 is expressed
ubiquitously, while cofilin-2 is mostly expressed in cardiomyo-
cytes in the heart.*” Interestingly, the overexpression of cofilin-
2 has been shown to promote the accumulation of stress fibers
and diminish cardiac contractility in dilated cardiomyopathy.
Aggregates enriched in cofilin-2 were found in hearts of
patients with dilated cardiomyopathy.®’ It is possible that
ischemic events trigger myocardial aggregate deposition, and
defining cofilins’ precise role in this process would be worth
exploring.

In summary, we employed state-of-the-art mass spectrom-
etry methods that until now have not been used to assess the
proteome and degradome following cardiac IR injury. Using
DIA proteomics and N-terminomics methods, we investigated
the proteome and degradome changes following IR injury in
isolated working rat hearts and the effects of MMP-2
inhibition. Here, we found significant alterations in the
abundance of 447 proteins and a total of 183 unique cleavage
sites between all of the heart groups. Proteins altered are
involved in four major pathways: RONS handling and
generation, fatty acid metabolism, mitochondrial function
and metabolism, and cardiomyocyte contraction. Alterations
in these pathways may result in the development of
mitochondrial and cardiac contractile dysfunctions.

The proteomics approach presented in this study is a
powerful method to assess thousands of proteins simulta-
neously. We also provide here a comprehensive comparison
between the proteome changes reported in this study and
those previously identified in hypoxia-reoxygenation or IR
injury (Table S1, of Supporting Information). Supporting our
proteomics data, we present immunoblots of select proteins
identified with reliable and commercially available antibodies.
We further confirmed protein changes using DDA. We noted
some discrepancies between mass spectrometry and immuno-
blot quantification. Factors explaining this include varying
antibody stability and specificity, higher limits of detection, and
limited linear dynamic ranges of immunoblotting."' The data
shown also highlight the inconsistencies arising from the use of
various loading controls. The choice of loading control may
have a significant impact on quantification by immunoblotting,
which has been discussed in detail elsewhere.*”
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The degradomics approach presented in this study is an
effective method to assess proteolytic cleavage sites in
biological systems. We also provide here a comprehensive
comparison between the cleavage sites identified in IR injury in
the N-terminomics workflow and previously identified MMP-2
substrates (Table S2, of Supporting Information), suggesting
that MMP-2 cleaves proteins, including SERPH, CH60, and
THIO, during IR injury. We expected to see a decrease in the
total number of cleavage sites identified with the ARP-100
treatment, which was not the case. This observation may be
due to incomplete MMP-2 inhibition or imperfect lysis
conditions where we used 1% SDS. Furthermore, cleavage
sites reported in AER heart extracts are likely from protein
turnover/degradation, which may be enhanced by the
background oxidative stress of isolated heart perfusion.™

We inhibited MMP-2 with ARP-100 during cardiac IR injury
and quantified protein levels using LC—MS/MS. Interestingly,
a subset of proteins increased or decreased in abundance only
in the IR + ARP-100 group. These proteins could represent the
unexpected side effects of ARP-100, but additional controls of
aerobic hearts with ARP-100 administration could be used in
future studies to address this possibility. Unexpectedly, in the
N-terminomics workflow, we identified more cleavage sites in
IR + ARP-100 hearts than that in IR alone. Numerous factors
may contribute to this observation, including the stochasticity
of the N-terminomics experiments (Figure S8), the intrinsic
bias of subtiligase labeling,”* or incomplete MMP-2 inhibition.

The number of identified cleavage sites is low compared to
reports in cell extracts from cell lines.*¥®* This is the first use
of subtiligase N-terminomics in heart tissue, which is highly
complex, containing numerous cell types and a connective
matrix. Further optimization may be necessary to improve the
coverage of proteolytic substrates. Although subtiligase-
mediated N-terminomics is robust with low false discovery
rates, one key limitation is the inherent substrate specificity of
subtiligase on the prime side of cleavage sites.”” This is partly
attenuated by the use of mutant subtiligase strains which
broaden the subtiligase labeling specificity.”” Further opti-
mization of the subtiligase-based system or the use of other N-
terminomics methods may improve the cleavage site
identification in cardiac systems and should be a focus point
for future research.

The combination of proteomics and degradomics in this
study provides a comprehensive understanding of the under-
lying biochemical alterations resulting from IR injury.
Proteomics provides a baseline for altered proteins; however,
it does not provide information as to why these proteins are
changing in abundance. Degradomics provides specific insights
into functional proteomics. Proteolytic processing is a form of
irreversible post-translational modification, which may only
effect a small proportion of a protein, and thus is not always
reflected in the proteome. By presenting both data sets, we
further uncovered biochemical alterations in key functional
pathways: RONS handling and generation, fatty acid
metabolism, mitochondrial function and metabolism, and
cardiomyocyte contraction. Alterations of proteins within
these pathways during IR would contribute to the resulting
cardiac contractile dysfunction. For example, alterations of
proteins in the electron transport chain may affect ATP
generation and, subsequently, the activity of proteins depend-
ent on ATP (for example, SERCA). Furthermore, the observed
cleavage of SERCA2a or increased sodium- or potassium-
transporting ATPase abundance may affect calcium handling
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and contraction. Further impacting contraction are the
proteins interacting with the contractile unit: cofilin-1,
utrophin, and PDZ and LIM domain protein 7, all of which
were altered in abundance during IR injury.

This study focuses on the role of MMP-2 in myocardial IR
injury by pharmacological inhibition with ARP-100. However,
other intracellular proteases, such as calpains, cathepsins,
caspases, and other MMPs, may be responsible for the
proteome and degradome changes. For example, during
ischemia, an increase in intracellular pH ultimately leads to
the downstream activation of the Na*/Ca®* exchanger protein,
which increases intracellular calcium, resulting in calpain
activation.”® Similar events have been reported in other
cardiomyopathies, such as arrhythmogenic cardiomyopathy.®”
Here, we report the abundance of 15 proteases, three of which
were significantly changed: mitochondrial intermediate pepti-
dase, endoplasmic reticulum metallopeptidase 1, and cystatin
C following IR injury. However, as many proteases are
expressed as zymogens, other proteases could still be activated
without changes in protein abundance. One avenue of future
research would be to investigate the proteome and degradome
changes resulting from IR with other protease inhibitors, such
as those targeting calpain family members.

Bl CONCLUSIONS

These findings uncover information about the intracellular
pathology of myocardial IR injury using the most recent mass
spectrometry approaches. We have uncovered the protein
abundance levels of thousands of proteins and identified new
proteolytic targets, including those of MMP-2. Understanding
the intracellular mechanisms of IR injury is crucial for
translational medicine as gaps in knowledge prevent preclinical
data from being translated into clinical practice. This research
can serve as a baseline for future studies on implicated
proteases, inhibitor design, and other therapeutic strategies.
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