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Abstract

Matrix metalloproteinase-2 (MMP-2) is an intra- and extra-cellular protease which is activated
during myocardial ischemia-reperfusion (IR) injury by reactive oxygen and nitrogen species,
namely peroxynitrite. Upon its activation, MMP-2 impairs cardiac contractility by cleaving
sarcomeric and other intracellular proteins. MMP-2 has been localized to several subcellular sites
inside cardiac myocytes, including the sarcoplasmic reticulum (SR); however, its precise role in
this organelle is unknown. I investigated two critical SR proteins, which are known to be
proteolyzed during IR injury, as putative targets of MMP-2: the Ca** ATPase SERCA2a, which
pumps cytosolic Ca*" into the SR to facilitate muscle relaxation, and the structural protein
junctophilin-2 (JPH-2), which maintains T-tubule structure. I hypothesized that MMP-2 is
activated near the SR during cardiac IR injury, resulting in the proteolysis of SERCAZ2a, to impair

its activity, and JPH-2, to impair cardiac contractile function.

Isolated rat hearts were perfused in working mode aerobically or subjected to IR injury in the
presence and absence of the MMP inhibitor ARP-100. Inhibition of MMP activity significantly
improved the recovery of contractile function of hearts following IR injury. I found a putative 70
kDa degradation product of SERCAZ2a increased two-fold in IR hearts, which was prevented with
ARP-100. SERCA activity assessed in SR enriched microsomes prepared from rat hearts was
decreased by IR injury; however, this was not prevented with ARP-100. Incubation of purified
proteoliposomes containing SERCA2a with MMP-2 in vitro resulted in its proteolysis. Similarly,
incubation of SR enriched microsomes isolated from control rat hearts with MMP-2 caused
proteolysis of SERCA2a to ~70 kDa products. The presence of MMP-2 in SR enriched
microsomes was confirmed by gelatin zymography. JPH-2 was identified as a target of MMP-2

using in silico software. A potential JPH-2 degradation product was increased by IR in an MMP-



dependent manner. MMP-2 cleaves JPH-2 in vitro. This is the first study to identify two novel
substrates of MMP-2 in the SR, as well as identify MMP-2 activity in SR enriched microsomes.
Understanding the diverse repertoire of MMP-2 substrates may aid in the development of selective

MMP inhibitors for use in ischemic heart disease to mitigate IR injury.
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Chapter 1: Introduction

1.1.1 History of matrix metalloproteinases

Matrix metalloproteinases (MMPs) are a family of Zn?"-dependent endopeptidases. The
first member of the MMP family was discovered in 1962 by Gross and Lapiere who reported a
collagen degrading activity secreted from tadpoles undergoing metamorphosis.! The second
member of the MMP family (MMP-2, also known as type IV collagenase and Gelatinase A) was
identified almost two decades later by Liotta et al. (1978) who found an enzyme released from a
murine tumour capable of degrading basement membrane type IV collagen.? These authors likely
described the activity of both MMP-2 and MMP-9, which were later realised to be separate
enzymes, termed 72 kDa type IV collagenase and 92 kDa type IV collagenase, respectively.® Since
these seminal discoveries, 25 members of the MMP family have been discovered, although only
23 are found in humans.* 3> Most MMPs were initially named and subsequently categorized after
their first discovered extracellular matrix (ECM) protein targets: collagenases (MMP-1, MMP-§,
MMP-13, and MMP-18), type IV collagenases (gelatinases, MMP-2 and MMP-9), stromelysins
(MMP-3, MMP-10 and MMP-11), matrilysins (MMP-7 and MMP-26), and membrane-type
MMPs (MMP-14, MMP-15, MMP16, MMP-17, MMP-24 and MMP-25).° This nomenclature was
highly arbitrary, however, as only a few extracellular proteins were tested for each enzyme.* In the
1980s, the current nomenclature for MMPs was introduced.® It is now known that MMPs target
proteins beyond ECM proteins both outside and inside cells.” Accordingly, MMPs are involved in
numerous physiological and pathophysiological processes, including angiogenesis,

embryogenesis, inflammation, metastasis, and ischemic heart disease among many others.®



1.1.2 Matrix metalloproteinase-2

MMP-2 is ubiquitously expressed in all organs of the human body, including the heart,
where it is expressed in vascular smooth muscle cells, endothelial cells, fibroblasts and
cardiomyocytes.”° It is one of the most researched MMPs due, in part, to its ease of measurement
using gelatin zymography and its abundance in a variety of cell types.* As a consequence, MMP-
2 is implicated in numerous physiological and pathophysiological processes, including
development of the heart and several cardiovascular diseases.” > 1° Increased MMP-2 activity is
associated with acute coronary syndrome, heart failure and ischemia-reperfusion injury.’ Although
much research in the past focused on the role of MMP-2 in ECM remodeling during cardiac
pathologies,!! it is now known that MMP-2 has a number of non-ECM targets both outside and
inside of cardiac myocytes.> ® The first identified intracellular MMP-2 substrate was troponin I,
which is cleaved by MMP-2 during myocardial ischemia-reperfusion injury.'? Since then,
numerous intracellular substrates of MMP-2 have been identified, particularly in cardiomyocytes,

including titin,'® a-actinin,'* and glycogen synthase kinase-3B'> among others.

1.1.3 Structure of matrix metalloproteinases

The general structure of MMPs includes an endoplasmic reticulum targeting signal
sequence (aa 1-29 in MMP-2) which targets MMPs for secretion, an autoinhibitory pro-domain
(aa 30-109 in MMP-2), a catalytic Zn*'-containing domain (aa 110-435 in MMP-2), a linker
region, and a hemopexin domain which confers substrate specificity (aa 460-660 in MMP-2).1¢
The domain structures of MMP-2 isoforms is depicted in Figure 1.1. All MMPs contain a
conserved Zn?*-binding motif (HEXXHXXGXXH) in their catalytic domain, which coordinates a

catalytic Zn*" between three histidine residues.!” MMPs contain at least two Ca** binding sites and



an additional non-catalytic Zn?* binding site which aids in the folding and structure of the
enzyme.!” Membrane type MMPs (MMP-14, 15, 16, 17, 24, 25) contain either a C-terminal
transmembrane domain or a glycosylphosphatidylinositol anchor. MMP-2 and MMP-9 are unique
amongst MMPs as they contain three fibronectin type Il repeats in the catalytic domain which aid
in gelatin binding.'® Two additional isoforms of MMP-2 have been identified which lack the signal
sequence and part of the pro domain.'® °. These novel isoforms are discussed more in the

following sections.

1.1.4 Synthesis of MMP-2 isoforms

The human MMP-2 gene is located on chromosome 16 in the q12.2 region. It contains 17
exons and spans 27.9 kilobases. Although it was once believed that MMP-2 is constitutively
expressed, it now recognized that MMP-2 gene expression is dynamic and tightly regulated.’ Its
expression is modulated by several factors, including endothelin-1%°, interleukin 1,>! angiotensin
I1?°, tumor necrosis factor-a,?! estrogen,?? progesterone,®? hypoxia,?’ and mechanical stress.?* Full
length MMP-2 mRNA translates into a protein containing a signal peptide which targets MMP-2
mRNA/ribosome complex to the ER to complete translation and ultimately be secreted.® However,
the signal sequence of MMP-2 is inefficient at targeting MMP-2 to the ER, resulting in
approximately half of synthesized MMP-2 remaining inside of the cell.!” As mentioned above, two
exclusively intracellular isoforms of MMP-2 have been identified which lack the signal peptide.'®
19 These N-terminally truncated isoforms of MMP-2 lack either 50 or 76 amino acids and are thus
termed MMP-2n11-50,'” and MMP-2ntt1-76, 8 respectively (Figure 1.1). MMP-2nrr.50 is produced via
alternative splicing,'” whereas MMP-2xr11.76 is thought to be produced via an alternative start site

within the first intron under conditions of oxidative stress.'® From here on I will use MMP-2 to



denote the full length form of MMP-2. However, due to the recent discovery of these isoforms,
the majority of the literature on MMP-2 does not distinguish between isoforms. Their existence
probably went undetected due to their abundance, similar molecular weights to 72 kDa and 64 kDa

MMP-2, and their resolution and activity in gelatin zymography.

1.1.5 MMP-2 activation pathways

MMP-2 mRNA is translated into a 72 kDa zymogen.?* The sulthydryl group of a critical
cysteine residue (C!%) in the prodomain forms a coordination bond with the catalytic Zn*" ion,
rendering MMP-2 inactive.?® Disruption of this bond to the catalytic Zn** results in the activation
of MMP-2 (and other MMPs in a similar fashion). This was coined the “cysteine switch”
mechanism of inhibition and activation.?> Activation of MMP-2 can occur either through post-
translational modification of the prodomain or its proteolytic removal.” The latter occurs in the
extracellular environment and involves binding of secreted MMP-2 to tissue inhibitor of
metalloproteinase-2, followed by tethering of this complex to the plasma membrane through
binding to MT1-MMP.?¢ MT1-MMP hydrolyzes the peptide backbone of the MMP-2 prodomain
between N°® and L°7.27 This results in a partially active MMP-2 intermediate which is further
processed by other MMPs to its active 64 kDa isoform, lacking the full propeptide domain up to

N109

72 kDa MMP-2 zymogen can also be activated by post-translational modification of its
prodomain under conditions of oxidative stress, such as occurs during cardiac ischemia-
reperfusion injury.?® Peroxynitrite (ONOO"), a highly reactive oxygen and nitrogen species formed
from nitric oxide (NO) and superoxide anion (O27),” can react with glutathione to form an

intermediate (S-nitroglutathione).>® This intermediate can then react with the sulfhydryl group of



the critical inhibitory cysteine residue on MMP-2 (C!2) 28 The resultant S-glutathiolated MMP-2
is active as the modification by glutathione disrupts the binding of the critical cysteine to the
catalytic Zn>". The same activation mechanism has been identified in MMP-1, 8 and 9 as well.*
S-glutathiolation of MMP-2 has been shown to be increased in the aorta of lipopolysaccharide

treated rats (a model of septic shock) compared with control, and this was associated with the

degradation of a calponin-1 and vascular smooth muscle dysfunction.®!

1.1.6 Post-translational regulation of MMP-2 activity

Endogenous inhibitors of MMPs, known as the tissue inhibitors of metaloproteinases
(TIMPs), tightly regulate the activity of MMPs by non-covalently binding to the catalytic Zn>" ion
in a 1:1 stoichiometric ratio.!® There are four known TIMP isoforms (TIMP1-4) which have
different affinities for MMPs. Although it was once hypothesized that TIMPs show some
specificity towards particular MMPs, it is now understood that each TIMP can bind any MMP
with differing selectivity.* 3 Out of the four TIMPs, the most selective for MMP-2 is TIMP-2.!°
TIMP-4 is the most abundant TIMP in the heart and is localized within cardiomyocytes along the
Z-disc of sarcomeres.®® In the setting of myocardial ischemia-reperfusion injury, TIMP-4 is
secreted from cardiomyocytes and this loss contributes to increased intracellular MMP-2 activity.>?
TIMP-3, which has the broadest inhibitory profile, binds tightly to the extracellular matrix and is
abundant in the heart. A reduction in TIMP-3 levels in the myocardium is associated with the
transition from compensated to end-stage congestive heart failure in humans.** Knockout of TIMP-
3 in mice causes spontaneous dilated cardiomyopathy,* illustrating its importance in maintaining

MMP homeostasis in the heart, among other roles.



MMP-2 is also regulated through phosphorylation as incubation of MMP-2 with alkaline
phosphatase increases its activity in vitro.>® There are five confirmed phosphorylation sites on
human MMP-2: S32, S10 7250 y27! " and S36°. Both protein kinase C and protein kinase CK2
decrease MMP-2 activity in vitro,*®*” however, it is unknown which kinases and phosphatases are
responsible for MMP-2 regulation in vivo. MMP-2 is also regulated through dimerization which
is formed between C!%? on neighbouring MMP-2 molecules.*® Homodimerization of pro-MMP-2
was shown to increase its basal activity without removal of the prodomain as well as increase the

activation of pro-MMP-2 by thrombin.

1.1.7 Intracellular localization and substrates of MMP-2

Gelatinolytic activity (MMP-2 and MMP-9) was initially found to be associated with
sarcomeric structures in ventricles of patients with dilated cardiomyopathy using in situ
zymography.** MMP-2 was subsequently localized inside isolated human adult cardiomyocytes
by Coker et al. in 1999,*° who found a sarcomeric staining pattern when using an anti MMP-2
antibody and immunofluorescent microscopy. However, the significance of the finding was
overlooked by the authors of this study. Wang et al. (2002) continued on this research, and they
showed that MMP-2 was localized to the thin filament and that it could cleave troponin I during
IR injury in isolated rat hearts.!? Since then, MMP-2 has been localized to numerous subcellular
compartments, including the mitochondria,*! nucleus,* cytoskeleton,'* caveolae,* and a
specialized region of the sarcoplasmic reticulum known as the mitochondria-associated matrix
(MAM).*! At the sarcomere, MMP-2 is localized along the Z disc where it cleaves myosin light

chain 1 and titin in addition to troponin I during cardiac IR injury '* %, Cytoskeletal targets of



14, 45

MMP-2 include a-actinin and dystrophin, critical proteins for maintaining the integrity of the

sarcomere and cardiomyocyte as a whole.

Using both immunogold electron microscopy and subcellular fractionation techniques,
MMP-2 was found both within the mitochondria and surrounding the mitochondria in the MAM.*!
The MAM is a highly specialized region of the SR which is important site of cross-talk between
the mitochondria and the SR.* The relative enrichment of MMP-2 between the mitochondria and
the MAM indicates there is more MMP-2 localized at the MAM.*! Inside of the mitochondria,
putative substrates of MMP-2 have been identified using siRNA and 2D SDS-PAGE techniques
in healthy adult rat cardiomyocytes, including ATPase synthase B subunit and electron transfer
flavoprotein subunit B.*” In this same study, inhibition of MMP-2 was shown to increase ATPase
synthase activity. Targets of MMP-2 in the MAM have yet to be explored, but may include

calriticulin, which is a substrate of MMP-2 in vitro.*!

1.1.8 Small molecule MMP inhibitors

The first identified pathological roles for MMPs were in cancer and inflammation.*
Accordingly, the initial MMP inhibitors were primarily designed as anti-cancer or anti-
inflammatory drugs.*® The first generation MMP inhibitors were designed as Zn>" chelators and
were non-specific as it was not known which MMP(s) were the most important to target. Of the
50 plus MMP inhibitors tested in clinical trials for anti-cancer efficacy, none made it to the market.
This was primarily due to the unexpected and unwanted side effect of musculoskeletal pain which
lead to patient drop-out and/or drastic dose reduction in many studies. Hypotheses put forward to
explain the musculoskeletal syndrome include inhibition of MMP-1, targeting the “a disintigrin

and metalloproteinase family of proteases”(ADAMs), and off-target metal ion chelation.*>*° One



of many reasons that these early MMP inhibitors failed was due to a lack in understanding by the
scientific community of the diversity of MMP actions. It is now known that many MMPs have
specific roles in diseases and targeting all MMPs is unwanted in certain scenarios. Recently, new
MMP inhibitors have been designed to be selective for certain MMPs over others, such as ARP-
100.>" ARP-100 is more selective for MMP-2 and MMP-9 over other MMPs, having an ICso of
12nM, 200nM and 4500nM for MMP-2, MMP-9 and MMP-3, respectively.’! ARP-100 does not

appreciably inhibit MMP-1 or MMP-7 (both have a ICso >50 puM)

Some tetracyclines were found to be inhibitors of MMPs, including minocycline and
doxycycline.> This is due to a distinct part of the tetracycline molecule, separate from its site of
antimicrobial activity, which chelates the Zn?" in MMPs. Doxycycline is somewhat selective for
MMP-8 and 13 over MMP-1.%* Modification of the tetracycline molecule has led to the discovery
of several compounds known as chemically modified tetracyclines, which retain MMP inhibitory
properties but lack antimicrobial activity.>* If the MMP-1 hypothesis for musculoskeletal
syndrome stands true, doxycycline may be a desirable drug for MMP inhibition. Furthermore,
doxycycline is a MMP inhibitor at sub-antimicrobial doses.>> Currently, a sub-antimicrobial dose
formulation of doxycycline (20 mg twice a day) is the only Health Canada approved MMP
inhibitor on the market. It is prescribed for the treatment of periodontitis®> and rosacea.’® In a recent
clinical trial, doxycycline was shown to have efficacy in reducing adverse cardiac remodeling
when given for only seven days immediately following percutaneous coronary intervention in

patients with myocardial infarction.>’



1.2.1 Cardiac ischemia-reperfusion injury

Ischemic heart disease, which is caused by a reduction in blood supply to the heart, is one
of the leading causes of mortality and morbidity worldwide.’® Acute coronary syndrome is a form
of ischemic heart disease which is a medical emergency requiring immediate intervention.>® Acute
coronary syndrome is comprised of several pathologies which share a common underlying
pathophysiology: unstable angina, non-ST segment elevation myocardial infarction and ST
segment elevation myocardial infarction.”® The pathophysiology of acute coronary syndrome
involves the accumulation of atherosclerotic plaque in the coronary circulation.®® Numerous
factors can lead to plaque instability, which can cause thrombus formation in the plaque, primarily
through plaque rupture or plaque erosion. If a thrombus forms in a coronary artery such that it
significantly reduces or halts blood flow to a part of the heart, then this can result in significant
tissue damage and cell death downstream of the clot. Timely restoration of blood flow to the heart
is critical for limiting the damage due to ischemia, however, reperfusion itself can cause additional
damage to the heart beyond the ischemic insult.’® Outcomes of cardiac ischemia-reperfusion (IR)
injury range from reversible injury, called myocardial stunning, to irreversible infarct and scarring
depending on the duration of ischemia.®! The mechanism of IR injury is multifactorial and not
fully understood, however, two well established mechanisms are increased production of reactive

oxygen and nitrogen species (RONS),* and intracellular Ca*" overload.’®

During reperfusion there is a burst of RONS as oxygen is returned to the ischemic
myocardium.’® ©2 Superoxide anion (Oy”) is generated from many sources in the heart, including
damaged electron transport chain proteins, xanthine oxidoreductases, NAD(P)H oxidoreductases,
and infiltrating neutrophils.®*%* O, rapidly reacts with NO, which is produced in vascular

endothelium and cardiac myocytes, among other sources, to produce ONOO" (rate constant of



formation: k=6.7x10°).°% % Under normal conditions, the vast majority of O~ is scavenged by
superoxide dismutase (rate constant of formation: k=2.0x10%). However, when there is abundant
production of NO, such as during IR injury, the reaction to form ONOO™ predominates. ONOO" is
protonated at pH less than 8 to form the unstable intermediate peroxynitrous acid (ONOOH). It
rapidly decomposes to form highly reactive species, including the hydroxyl radical (OH-) and
nitrating species such as the nitronium ion (NO;"). This can result in lipid peroxidation, MMP and

28, 30, 66, 67

poly ADP ribose polymerase activation, and damage to critical proteins 2. The rapid

biosynthesis of ONOO" in the first minutes of reperfusion in IR hearts leads to contractile

dysfunction as occurs in stunning,®® and ultimately necrosis and apoptosis.*® ¢

Intracellular Ca®" overload also occurs during ischemia and during reperfusion.’® During
ischemia, both the intracellular and extracellular milieu in the heart become acidic due to increased
lactate production.”® Upon reperfusion, the extracellular space rapidly returns to physiological pH.
This results in an influx of Na” into the myocyte through the Na'™-H" exchanger. Na“ cannot be
extruded through the Na*-K" ATPase due to a lack of ATP in the cell, and is thus extruded through
the Na“-Ca?" exchanger, thereby resulting in Ca®" uptake by the cell. Ca®>* overload can cause
activation of Ca?’-dependent proteases, namely calpains, and activation of the mitochondrial

permeability transition pore.’! 72

1.2.2 MMPs in the heart

Collagenases (most probably MMP-1) were first described in healthy rat heart tissue in the
mid-1970s.” The observation of collagen fiber disruption in the myocardium from patients with
dilated cardiomyopathy led to the hypothesis that collagenase activity may contribute to thinning

and dilation of the heart wall.”* Throughout the 1980s and early 1990s, it became apparent that

10



ECM degradation and remodeling through secreted proteases played a major role in heart failure
and myocardial infarction.!® The normal adult heart expresses several MMPs, including MMP-1,
2,3,7,8,9, 13, and 14.'° Under conditions of cardiovascular stress and injury, the activity and
levels of several MMPs (including MMP-2 and -9) are known to increase significantly in the heart

contributing to contractile dysfunction, infarct and scar formation.'% 3

As mentioned in section 1.1.7, Rouet-Benzineb et al. (1995) first identified gelatinolytic
activity (MMP-2 and MMP-9) inside cardiac myocytes and hypothesized that it was associated
with myofibrilysis in ventricles from patients with dilated cardiomyopathy.>> MMP-2 and 9 were
subsequently found inside of cardiac myocytes by immunoblot by Coker et al. (1999), with MMP-
2 showing a distinct sarcomeric staining pattern by immunofluorescent microscopy.*® The
observed MMP-9 signal by these investigators, however, did not show up at a molecular weight
near the MMP-9 standard (at ~90 kDa). The signal detected was instead around 200 kDa, which
may be dimers of MMP-9.”> Both MMP-2 and MMP-9 activity have also been found in nuclear
extracts from human hearts by gelatin zymography.** The role of intracellular MMP-2 in IR injury
is discussed in the next paragraph in greater detail. Using confocal microscopy, MMP-9 was found
to colocalize with mitochondria in adult ventricular myocytes.”* MMP-7 has also been found inside
cardiac muscle cells.>”” Connexin 73 has been identified as a possible target of intracellular MMP-
7 and there is evidence using MMP-7 knockout mice that MMP-7 mediated connexion 73 cleavage

during myocardial infarction disrupts normal electric conduction in the heart.”®

1.2.3 Role of MMP-2 in cardiac IR injury

Cheung et al. (2000) were the first to demonstrate that inhibition of MMP activity (using

either doxycycline or ortho-phenanthroline) was protective against IR (stunning) injury in isolated
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rat hearts perfused according to the Langendorff method.” The authors noticed the release of
MMP-2 into the perfusate during the first minutes of reperfusion which became greater as the
duration of ischemia increased.” Infusion of semi-purified MMP-2 into the perfusate exacerbated
stunning injury whereas infusion of a neutralizing MMP-2 antibody improved contractile recovery
during reperfusion in a concentration-dependent manner. Subsequent to this study, the first bona
fide intracellular substrate was identified, troponin I.'> Troponin I is degraded during ischemia and
reperfusion and thereby contributes to stunning injury.!> 8% 8! It is also secreted into the blood
following cardiac stress and is used as a clinical biomarker for myocardial infarction.®? In the
seminal study by Wang et al. (2002), troponin I proteolysis in myocardial IR injury was prevented
with doxycycline or ortho-phenanthroline.'? They also showed that MMP-2 was bound to the thin
myofilament fraction and colocalized with troponin 1. Since then numerous intracellular targets of
MMP-2 have been identified, including glycogen synthase kinase-3B'> and alpha-actinin.'* More
recently, MMP-2 has been shown to co-localize with titin resulting in its degradation during IR
injury.'® Titin is the largest mammalian protein and is the molecular spring of the sarcomere,
determining both passive and active stiffness of heart muscle to a great extent.®* MMP-2 null mice

demonstrated reduced titin degradation following in vivo IR injury compared to wildtype.'?

Direct evidence for increased intracellular MMP-2 activity following IR injury in isolated
rat hearts was shown using in situ zymography.*® This technique allows for direct measurement of
gelatinolytic activity in intact tissue slices without separating MMP-2 and 9 from their endogenous
inhibitors. Increased gelatinolytic activity in ventricular homogenates was also observed following
IR using a spectrophotometric technique with a fluorescent MMP2/9 substrate.®* It should be noted
that both these studies were performed using rat hearts, and although MMP-9 has been reported in

rat hearts before, it is absent in rat hearts perfused completely free of blood.” %
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1.3.1 Excitation-contraction coupling in the heart and the role of calcium

The level of free [Ca®']i in cardiac myocytes couples myocyte depolarization to
myofilament contraction.®® At rest, free [Ca*']; in myocytes is ~ 100 nM. This increases tenfold
upon membrane depolarization due to entry of extracellular Ca?>* and mobilization of intracellular
Ca?" stores from the SR causing sarcomere contraction. Relaxation is initiated by the removal of
Ca®" from the cytosol through Ca*" pumps and exchangers residing in the SR and plasma
membrane as will be discussed in greater detail below. A general depiction of Ca*" cycling in

cardiac myocytes is provided in Figure 1.2.

A depolarizing potential in an adult cardiac myocyte is initiated by movement of positively
charged ions from an adjacent cardiac myocyte through gap junctions, resulting in unidirectional
activation of voltage gated sodium channels on the plasma membrane.®¢ This depolarizing event
runs down invaginations in the plasma membrane called T-tubules. Voltage gated Ca®>" channels
(mostly L-type calcium channels) in the T-tubule become activated, resulting in an influx of Ca*".
This can increase the local [Ca®']; in the junctional cleft to 10-20 uM.?” Influx of Ca" through
voltage gated calcium channels activates closely positioned ryanodine receptors on the SR
membrane inducing Ca®" mobilization from the SR. The structure of the T-tubule and its close
relationship with junctional SR is maintained by the anchoring protein junctophilin-2 (JPH-2),
which appears to be critical for both cardiomyocyte development and maintenance of normal
excitation-contraction coupling.®® The local rise in [Ca**]i can peak up to 400 uM at the junctional
cleft following release from ryanodine receptors, which then diffuses throughout the rest of the

cell, causing myofilament contraction.®’

The basic unit of striated muscle contraction is the sarcomere, which is bound by Z-discs

at either end.?® Muscle contraction occurs when the sarcomere is shortened due to ATPase-
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dependent motor activity in the thick filament myosin which binds to and pulls thin filament actin.
The signal for cardiac contraction is a rise in [Ca?'];. Under resting Ca>" concentration the troponin-
tropomyosin complex blocks thick filament myosin from binding to actin, thus preventing cross-
bridge cycling and sarcomeric shortening. When [Ca?"]; is increased in the region of the sarcomere,
Ca”' binds to troponin C in the troponin complex, which removes the troponin-tropomyosin
complex from myosin binding sites on actin, allowing ATPase generated muscle contraction to

occur.

Relaxation is initiated by clearance of Ca** from the cytosol through several Ca** channels
and pumps, including the plasma membrane Ca?" ATPase, the sarco/endoplasmic reticulum
ATPase (SERCA), sarcolemmal Na'/Ca®" exchanger, mitochondrial Ca®" uniporter and the
secretory pathway Ca®"/Mg?" ATPase.’® " In cardiac myocytes, the majority of cytosolic Ca®" is
translocated into the SR lumen via the Ca’>" ATPase SERCA2a. SERCA2a is responsible for
approximately 70% of cytosolic Ca** clearance in rats and 90% in humans.®® The majority of the
remaining cytosolic Ca®" is cleared through the Na‘/Ca?" exchanger. Very little cytosolic Ca*"
(~2%) is cleared through the mitochondrial Ca** uniporter and plasma membrane Ca** ATPase.®
In SR microsomes obtained from rat hearts, uptake of radioactive Ca*> was inhibited 97% by the
specific SERCA inhibitor thapsigargin, suggesting that the secretory pathway Ca**/Mg** ATPase
contributes minimally to cytosolic Ca®" clearance.”® However, this is likely dependent on the

method of SR microsomal preparation.

Some investigators have suggested that under normal physiological conditions, Ca*"
independent processes within the sarcomere largely govern the rate of relaxation.”’ Evidence for
this theory comes from computational models suggesting that Ca®" dissociates from the troponin

complex during the ejection phase of the heart prior to muscle relaxation.”" °> However, this

14



hypothesis has not been directly tested, and alterations in Ca?" affinity of troponin C during
contraction may explain the lag between Ca" clearance and muscle relaxation.’” Nonetheless,
SERCA2a mediated Ca*" clearance is a major driving force of cardiac lusitropy in both healthy

and diseased myocardium.?”*!

1.4.1 Sarco/Endoplasmic Reticulum Calcium ATPase 2a

Sarco/endoplasmic reticulum calcium ATPase (SERCA) is a member of the P-type ATPase
family of membrane transporters responsible for translocating cytosolic Ca®" into the SR lumen.”
SERCA can maintain a 1000 fold higher Ca** concentration in the SR compared with the cytosol.”*
Three SERCA genes encode for thirteen currently known isoforms of this protein (SERCA1la-b,
SERCA2a-d, and SERCA3a-f). SERCAZ2a is the predominant isoform expressed in the heart in
both rodents and humans (97.5% of total cardiac SERCA in murine hearts), and is also expressed
in smooth muscle cells and slow-twitch skeletal muscle cells.”> * It should be noted that

cardiomyocytes also express SERCA2b, SERCA2c and SERCA3b.%®

Human SERCAZ2ais a 997 aa protein (110 kDa) which contains ten trans-membrane helices
with both the N- and C-terminus exposed to the cytosol *>. SERCA2a translocates two Ca’" into
the SR lumen for every ATP hydrolyzed. Binding of Ca** to the first site allows a conformational
change forming Ca" binding site 2. Hydrolysis of ATP fuels a conformational change allowing
the Ca®" to exit into the SR lumen. As discussed above, the proper function of SERCA2a is
essential for cardiac muscle relaxation and maintaining intracellular Ca** at ~100 nM during

diastole.
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1.4.2 Binding partners of SERCA2a

The most studied binding partners of SERCA?2a are phospholamban and sarcolipin.’> The
main regulator of SERCAZ2a function in ventricular muscle is phospholamban. Phospholamban is
a 52 aa (6 kDa) SR membrane protein which reversibly regulates SERCA function.’’ Binding of
phospholamban to SERCA decreases SERCA affinity for Ca**, and this inhibition is relieved upon
phosphorylation of SERCA2a at two critical sites, S'® and T!”.”*°7 Protein kinase A-dependent
phosphorylation of S'® occurs during beta adrenergic stimulation and is responsible for increased

7 T17 is phosphorylated by Ca*"/calmodulin-

SERCA activity and greater SR calcium reserve.
dependent kinase 11.”* Phosphorylation of S'® seems to be the most important mode of regulation,
whereas T'7 phosphorylation may be responsible for fine tuning.”*:*® Phosphorylation of these sites
is not mutually exclusive and may occur simultaneously.”” Phosphorylation of phospholamban is
thought to promote its pentamerization, which may act as a reserve of phospholamban.”” Sarcolipin

is a small 31 aa transmembrane protein which decreases both Ca*" affinity and maximal activity

of SERCA.” Sarcolipin is the main regulator of SERCA in atrial and skeletal muscle.

Recently, small open reading frames which encode for small SERCA binding partners have
been identified in regions of the genome that were previous thought to encode long noncoding
RNA.? The first of these to be identified was sarcolamban, which was first discovered in hearts
from drosophila, but is conserved in many species including humans.”® Using a bioinformatics
approach, Nelson et al. (2016) discovered a micropeptide in a small open reading frame which
encodes for dwarf open reading frame (DWORF).!® DWOREF is unique among the small peptide
binding partners of SERCAZ2a as it is the only known endogenous peptide to positively regulate

SERCA2a activity. Overexpression of DWORF in the murine cardiomyocytes resulted in
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increased peak Ca”" transients, as well as increased SR Ca** load. It is thought that DWORF exerts

its positive effect on SERCA by displacing inhibitory peptides, such as phospholamban.

A binding partner of phospholamban has also been identified, named heat shock-associated
protein X-1 (HAX-1). HAX-1 is a 279 aa protein which was first shown to interact with
phospholamban in vitro.'”! Subsequent authors found that HAX-1 negatively regulates SERCA2a
function by promoting phospholamban monomerization.!”? Interestingly, the hearts of a
tamoxifen-inducible, cardiac-specific knockout of HAX-1, in 8 week old mice, had impaired
contractile recovery following ex vivo IR injury compared with control.!®® This was attributed to

an antioxidant property of HAX-1.

1.4.3 Post-translational modifications of SERCA2a

Several post translational modifications of SERCA2a effect its turnover or function,
including S-glutathiolation,'® SUMOylation,'®® glycosylation,!® O-gInNAcylation,'”” and
sulfonylation among others.!?* % Glycosylation of SERCA2a was found to be associated with
decreased SERCA2a protein levels in hearts from diabetic rats.!° O-glcNAcylation was also found
to be associated with decreased protein levels in cardiac myocytes from diabetic mice.'”” SUMO-
1 dependent SUMOylation of SERCA2a increases its function, and this SUMOylation of SERCA?2
is decreased in patients with heart failure.!” Peroxynitrite-dependent glutathionylation of
SERCAZ2a at C57* increases SERCA2a Ca** uptake into SR vesicles.!® Sulfonylation of SERCA2a
at C%* may decrease its activity by preventing S-glutathiolation.!® Increased sulfonylation of
SERCAZ2a is associated with its degradation to a 70 kDa fragment, and it is hypothesized that

sulfonylation of C%7* increases the susceptibility of SERCA2a to degradation.'?”
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1.4.4 SERCAZ2a dysfunction in cardiac pathologies

Decreased SR Ca*" uptake into SR vesicles isolated from the hearts of infarcted animals
was noted as early as the 1970s.!1° It was, therefore, hypothesized that SR dysfunction contributes
significantly to cardiac IR injury. Seminal studies from Naranjan S Dhalla’s group demonstrated
impaired SR Ca?" transport in isolated perfused rat hearts subjected to IR injury compared with
aerobically perfused hearts.'!! 1'2 This was associated with decreased protein and mRNA levels of
key SR proteins, such as SERCA?2a, ryanodine receptor 2 and phospholamban. It was later shown
that SR dysfunction and decreased protein levels were prevented with calpain inhibitors (ALLN
and MDL-28170).!13- 114 It has been recently demonstrated, however, that these calpain inhibitors
are also effective MMP-2 inhibitors at concentrations employed for calpain inhibition.'!> Further
evidence for the role of SR dysfunction in IR injury comes from studies using hearts from
heterozygous SERCA2a knockout mice, which showed increased stunning injury when subjected
to ex vivo IR injury, and showed increased infarct size following in vivo IR injury as compared
with wildtype.!'® 7 Decreased levels of SERCA2a also result in infarction occurring at durations
of ischemia which do not cause infarct in wild type mice.'!” Although heterozygous SERCA
knockout mice do not show any cardiac dysfunction under baseline conditions, they are more
sensitive to pressure overload than wild type mice.!!® Decreased levels of SERCA2a have been
observed in both humans and animal models following myocardial infarction and other heart
diseases (heart failure), and although it may not be the initial cause of heart injury, it is a

contributing factor to diminished cardiac function following injury.'"
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1.5.1 JPH-2

Human JPH-2 is a 696 aa protein (apparent molecular weight of 97 kDa by gel
electrophoresis) which tethers the junctional SR membrane to the T-tubules in cardiac myocytes."®
In adult cardiomyocytes, the junctional SR membrane forms a complex with the T-tubules along
the Z lines of the sarcomere, allowing for proper calcium-induced calcium release and excitation-
contraction coupling (Figure 1.2). This T-tubule/SR interaction, called a dyad junction, is
maintained at a gap size of ~12 nm by JPH-2.'?° The C-terminus of JPH-2 contains a single trans-
membrane segment which embeds in the SR.®® The N-terminus of JPH-2 contains eight membrane
occupation and recognition nexus domains which interact with phospholipids, particularly

sphingomyelin and phosphatidylcholine in the plasma membrane.3% 129

Invaginations in the cardiomyocyte plasma membrane occurs after birth (10 days in mice)
and eventually forms T-tubules through a process known as tubulogenesis.!?! In the embryonic
heart, JPH-2 is present and anchors the SR to the plasma membrane surface.'?! The initial
formation of invaginations is thought to be facilitated by caveolin-3 and bridging integrator-1,
whereas JPH-2 is critical for forming mature T-tubules.®® Embryonic cardiomyocytes from JPH-2
knockout mice still have peripheral coupling between the SR and plasma membrane in the absence
of T-tubule formation.'?° shRNA mediated knockdown of JPH-2 in mice results in the inability to
form mature T-tubules.'?? This results in development of a heart failure phenotype by postnatal

day 10 followed by premature death.

1.5.2 JPH-2 in heart disease

Disruption of T-tubule structure and uncoupling between the T-tubules and SR have both

been observed in human patients with heart failure. '2*1>* T-tubule disruption was associated with

19



decreased expression of JPH-2 and increased miR-24, which supresses JPH-2 expression.!?
Conditional knockdown of JPH-2 in mice using RNA interference results in development of
systolic heart failure and mortality.!?> In a reversible model of heart failure caused by inducible
Gogqactivation in mice, the calpain/MMP-2 inhibitor MDL-28170 prevented JPH-2 proteolysis and

126 JPH-2 proteolysis has also been implicated in both in vivo and ex vivo

T-tubule disruption.
models of IR injury.!?” 128 In isolated rat hearts subjected to IR injury, the calpain inhibitor MDL-
28170 prevented JPH-2 degradation.'?” As MDL-28170 is also an inhibitor of MMP-2,'" it is

possible that MMP-2 may be responsible for JPH-2 proteolysis during IR injury in the heart.

1.6 Hypothesis

I hypothesize that MMP-2 is activated during IR injury inside cardiomyocytes at or near
the SR. Upon its activation, MMP-2 cleaves numerous intracellular substrates within the cardiac
myocyte contributing to impaired contractile function. Among many other substrates, SERCA2a
and JPH-2 are cleaved by MMP-2 during IR injury contributing to impaired SERCA?2a activity

and cardiac contractile dysfunction.
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1.7 Study Objectives

1. Determine if SERCA2a and JPH-2 are substrates of MMP-2 during IR injury using isolated
working rat hearts subjected to ischemia and reperfusion in the presence or absence of the
MMP inhibitor ARP-100.

2. Analyze potential MMP-2 cleavage sites on SERCA2a and JPH-2 using in silico cleavage
prediction software

3. Determine if SERCA2a and JPH-2 are substrates of MMP-2 in vitro.

4. Test if inhibition of MMPs with ARP-100 prevents SERCA2a dysfunction by measuring
SERCAZ2a activity in SR enriched microsomes prepared from fresh isolated working rat
hearts.

5. Measure MMP-2 activity in ventricular extracts and SR enriched microsomes by gelatin

zymography.
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MMP-2 domain structures
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Figure 1.1: Domain structures of different MMP-2 isoforms modified from Chan et al.®* MMP-2 is
synthesized as a 660 aa protein (including the signal peptide). MMP-2 is activated by peroxynitrite
and glutathione to form S-glutathiolated MMP-2. MMP-2 can also be activated in the extracellular
space by proteolytic cleavage (MMP-2gc). Two intracellular N-terminally truncated isoforms of
MMP-2 have been recently identified, which lack either 50 amino acids (MMP-2n1T-50) Or 76

amino acids (MMP-2nr1T.76) from the N-terminus.
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Depolarization

v

SERCA2a

Figure 1.2: Excitation-contraction coupling and the role SERCA2a. 1) Unidirectional membrane
depolarization in an adult cardiomyocyte travels down t-tubules, 2) resulting in the activation of
voltage gated calcium channels (VGCC). 3) Ca** enters the VGCC which stimulates the ryanodine
receptor-2 (RYR2) to release Ca?" from the sarcoplasmic reticulum. 4) The rise in intracellular
Ca?" levels initiates muscle contraction. Muscle relaxation is largely determined by 5) SERCA2a

activity, which translocates cytosolic Ca** back into the SR for subsequent heart beats.
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Chapter 2- Methods

2.1.1 Reagents

Salts and other reagents used for this study were purchased from Sigma-Aldrich (Oakville,
Ontario) unless otherwise stated. HEPES, CaCl>-2H>O, NaCl, and NaN3 were purchased from
Fisher Scientific (Ottawa, Ontario). The MMP inhibitor ARP-100 was purchased from Cayman
Chemicals (13321, Ann Arbor, Michigan). The calpain inhibitor MDL-29170 was purchased from
Cayman Chemicals (14283, Ann Arbor, Michigan). Insulin (Humulin R) was purchased from Lilly
(Indianapolis, Indiana). Bovine serum albumin (BSA) was purchased from Equitech-Bio Inc

(Kerrville, Texas).

2.1.2 Antibodies

Two antibodies were used to probe for SERCA2a: 1) a monoclonal antibody produced in
rabbit using a synthetic peptide encoding human SERCA?2a (within aa 1000-1100, exact sequence
proprietary) as the antigen (EPR9393 epitope, ab137020, Abcam, Cambridge, UK), or 2) a
monoclonal antibody produced in mice using purified canine sarcoplasmic reticulum vesicles as
the antigen, followed by hybridoma generation with a single clone (2A7-Al epitope, MA3-919,
Invitrogen, Carlsbad, California). The latter antibody was never mapped and its binding region is
unknown. The antibody used to detect PLN was monoclonal and produced in mice using a
synthetic peptide encoding canine PLN aa 2-25 (ab2865, Abcam, Cambridge, UK). In order to
detect PLN phosphorylated at residue S'®, a polyclonal antibody developed in rabbits, using as an
antigen a synthetic peptide of human PLN (aa 14-25) with S'¢ phosphorylated (ab15000, Abcam,

Cambridge, UK), was used.
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A custom antibody purchased from Bethyl Laboratories (uncatalogued, Montgomery,
Texas) was used to detect a sulfonic acid modification of SERCA2a at C%7*. The antibody was
produced in rabbits using a chemically synthesized peptide of human SERCA2a aa 669-678 with

C%7* sulfonylated '%°.

To assess the purity of SR enriched microsomes prepared from fresh rat ventricles,
antibodies were used to detect possible contamination from mitochondria (VDACI), cytosol
(GAPDH), and the plasma membrane (Na'/K" ATPase). To assess SR enrichment, SERCA2a
levels were assessed by immunoblot using ab137020 from Abcam as described above. The
monoclonal VDACI antibody was produced in mice against a recombinant full length human
VDACI protein (ab14734, Abcam, Cambridge, UK). The antibody used to detect GAPDH was a
monoclonal antibody produced in rabbits to a synthetic human peptide (14C10, Cell Signaling
Technology, Beverly, MA). The antibody used to detect Na?**/K* ATPase was a monoclonal

antibody developed in rabbits against synthetic peptide of human Na**/K* ATPase (aa 1-100).

In order to detect JPH-2 by immunoblot, a rabbit polyclonal antibody detecting the c-
terminal region of mouse JPH-2 was used (40-5300, Invitrogen, Carlsbad, California). Rabbit anti-

GAPDH (14C10, Cell Signalling Technology, Beverly, MA) was used as a loading control.

The polyclonal secondary antibody against rabbit I[gG was made in goats and is conjugated
with horseradish peroxidase (CLCC42007, Cedarlane, Burlington, Ontario). The polyclonal
secondary antibody against mouse IgG was also produced in goats followed by purification by
column chromatography and conjugation to horseradish peroxidase (CLCC30007, Cedarlane,

Burlington, Ontario).
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2.1.3 Markers and standards

Porcine SERCA2a embedded in proteoliposomes, purified according to Reddy et al.
(1996), was used in the in vitro degradation assay with MMP-2.'?° This was a gift from Dr. Howard
Young (Department of Biochemistry). The primary amino acid sequences of rat, human and

porcine SERCAZ2a are highly similar (98.6% sequence homology).

Blueye prestained protein ladder (FroggaBio, Toronto, Ontario) was used as the molecular

weight marker in immunoblot, gelatin zymography and in vitro degradation experiments.

Serum free conditioned media from phorbol ester treated human fibrosarcoma cells
(HT1080 cell line, American Type Culture Collection, Manassas, Virginia) was used as a standard

for MMP-2 and MMP-9 in gelatin zymography.

2.2 Animal protocol

Experiments involving animals were approved by the University of Alberta Institutional
Animal Care and Use Committee and were performed according to the Guide to Care and Use of
Experimental Animals published by the Canadian Council of Animal Care (AUP protocol number

329).

2.3 Calpain inhibition assay

In order to test the calpain inhibitory properties of the MMP inhibitor ARP-100, purified
rat calpain-2 (2 ng, a gift from Dr. Peter Davies, Queens University, Department of Biochemistry)

was added to tubes containing calpain incubation buffer (150 mM NaCl, 50 mM Tris-HCI, 5 mM
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CaCly, 10 uM dithiothreitol, pH 7.6) in the presence or absence of DMSO vehicle (0.1% v/v), the
calpain inhibitor MDL-28170 (30 uM) or ARP-100 (30 uM). Calpain was preincubated with
inhibitors or DMSO vehicle for 10 min at room temperature. 1 pg of a known calpain substrate
(recombinant human troponin [ aa 1-77, a gift from Dr. Peter Hwang, Department of Biochemistry,
University of Alberta) was added to each tube and the reaction was incubated at 37°C for 1 hr. The
samples were then loaded onto a Tris-tricine 16% polyacrylamide gel and electrophoresed at 80 V
until the dye front crossed the stacking and spacer layer. The voltage was then increased to 140 V
and the gel was run until the dye front reached the bottom of the gel. The gel was stained with
Coomassie blue and destained with destaining solution (appendix). Gels were scanned with a GS-
800 densitometer (Bio-Rad, Hercules, California) using Quantity One (Bio-Rad, Hercules,

California) image processing software.

2.4 Preparation of ARP-100 for working heart:

ARP-100 (Cayman Chemical, Ann Arbor, Michigan) was purchased at exact weight (10
mg at a time) and dissolved in DMSO (Fisher Scientific, Ottawa, Ontario) to a concentration of

20 mM in DMSO, aliquoted, and stored at -80°C until use.

2.5 Isolated working rat heart perfusions:

Male Sprague-Dawley rats (300-400 g) were anesthetized with sodium pentobarbital (240
mg/kg, 1.p.). Hearts were rapidly excised and briefly rinsed in ice cold (4°C) Krebs-Henseleit
solution (118 mM NacCl, 25 mM NaHCO3, 4.7 mM KCI, 1.2 mM MgSOs4, 1.2 mM KH;POq4, 11

mM glucose, 0.5 mM EDTA, and 3 mM CaCl,, pH 7.4). The hearts were mounted onto a cannula
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by the aorta and perfused in Langendorff mode for 10 min at a constant pressure of 60 mmHg with
Krebs-Henseleit solution at 37°C oxygenated with 5% COz in 95% O,. During this time, non-
cardiac tissue was removed from the heart and the left atria was cannulated. Hearts were then
switched to working mode and perfused with recirculating Krebs-Henseleit solution (100 mL
volume) with the addition of 100 pU insulin (Humulin R, Lilly, Indianapolis, Indiana), 0.1%
bovine serum albumin (BSA, Equitech-Bio Inc, Kerrville, Texas) and 5 mM pyruvate. Purfusate
entered the heart via the left atria with a preload pressure of 15 mmHg and is ejected by the left
ventricle against an afterload pressure of 75 mmHg. Cardiac output and aortic flow were measured
with calibrated ultrasonic flow probes (Transonic Systems Inc, Ithaca, New York). Heart rate and
peak systolic pressure were measured with a pressure transducer (Harvard Apparatus, Holliston,
Massachusetts) in the aortic outflow line. The main parameter of cardiac mechanical function was
measured as cardiac work (the product of peak systolic pressure and cardiac output). Hearts were
kept at 37°C for the duration of the experiment via a water-jacketed glass heart chamber. All
spontaneously beating hearts were equilibrated for 10 min in working heart mode before any

parameters were recorded.

The heart perfusion protocols are depicted in figure 2.1. The aerobic control hearts were
perfused aerobically for 70 minutes. Ischemic-reperfused hearts were perfused aerobically for 20
min followed by 20 min global, no-flow ischemia and 30 min aerobic reperfusion. Either vehicle
(0.05% DMSO) or the MMP inhibitor ARP-100 (50 pl of 20 mM stock to a final concentration of
10 uM, Cayman Chemical, Ann Arbor, Michigan) were added into the recirculating modified
Krebs-Henseleit solution 10 min prior to the onset of ischemia, forming the IR and IR+ARP-100
groups, respectively. At the end of perfusion protocol the ventricles were flash frozen with
Wollenberger clamps cooled to liquid nitrogen temperature and stored at -80°C for later
processing.
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Additional sets of hearts were perfused as above and, instead of freezing, fresh ventricular

tissues were used for preparation of SR enriched microsomes (n=4-5/group).

2.6 Preparation of ventricular extract

Frozen ventricles were pulverized using a mortar and pestle cooled to the temperature of
liquid nitrogen. Liquid nitrogen was added to the crushed heart powder in the mortar and allowed
to boil off. The frozen heart powder was then carefully added to liquid nitrogen cooled 5 mL

cryovials and stored at -80°C.

A portion of the frozen heart powder (~100 mg) was placed in ice-cold
radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl, 1.0% IGEPAL CA-630, 0.5%
sodium deoxycholate, 0.1% SDS and 50mM Tris, pH 8.0) at 1:10 (w/v) and homogenized using a
PRO200 tissue homogenizer (Bio-Gen, Cambridge, Massachusetts) for 2 minutes (15 seconds on,
15 seconds off) at a setting of 2. Protease inhibitor cocktail (1:1000 v/v, Sigma-Aldrich, St. Louis,
Missouri) was added to RIPA buffer immediately before use. The homogenate was then
centrifuged for 10 min at 10,000 g (4°C). The supernatant (ventricular extract) was collected,

aliquoted, and stored at -80°C.

2.7 SR enriched microsomal preparation from fresh ventricle

)13% with several modifications

The protocol was based on the method of Vasanji et al. (2006
as follows. Immediately at the end of the perfusion protocol, the ventricles were cut from the

cannula and placed in a plastic weigh boat on ice. Ventricles were weighed on ice and immediately

minced into approximately 1 mm pieces using a scalpel and small scissors in ice cold SR
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homogenization buffer (250 mM sucrose, 5 mM HEPES, 0.2% sodium azide w/v, pH 7.5).
Protease inhibitor cocktail (1:1000 v/v, P8340, Sigma-Aldrich, St. Louis, Missouri) was added to
the SR homogenization buffer right before use. Minced ventricles were transferred to a 15 mL
glass test tube containing SR homogenization buffer (1:10 w/v) and were homogenized on ice
using a PRO200 tissue homogenizer at a setting of 2 (Bio-Gen, Cambridge, Massachusetts) for 2
min (repeated cycles of 15 seconds on then 15 seconds off). The resultant homogenate was
transferred to a Duall glass homogenizer (Kontes Glass Co, Vineland, New Jersey) and was further
homogenized by hand with five strokes on ice. All following centrifugation steps were performed
at 4°C using a S100-AT rotor (ThermoFisher, Waltham, Massachusetts) in a mTX 150 micro-
ultracentrifuge (ThermoFisher, Waltham, Massachusetts). Homogenates were briefly vortexed,
and divided in half. Each sample was added to two 4 mL polycarbonate tubes (ThermoFisher,
Waltham, Massachusetts). Samples were placed into a pre-cooled rotor and centrifuged for 10 min
at 4,000 g to remove tissue debris. The supernatant was collected and centrifuged for 18 min at
10,000 g to pellet mitochondria. The supernatant was collected and centrifuged again for 18 min
at 10,000 g. The supernatant was then centrifuged at for 60 min at 50,000 g to pellet the membrane
fraction. The resultant pellet was resuspended in 3 mL of SR homogenization buffer containing
600 mM KCI and equilibrated on ice for 30 min. This solution was centrifuged for 10 min at 7,000
g. The supernatant was then spun for 60 min at 50,000 g. In order to make the final suspension of
SR enriched microsomes compatible with the SERCA activity assay, the pellet was gently
resuspended in SR homogenization buffer which was adjusted to pH 7.0 using 8-10 strokes with a
small Duall glass homogenizer (Kontes Glass Co, Vineland, New Jersey), aliquoted, and stored at

-80°C.
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2.8 Protein assay

Protein concentrations for all samples were assessed by bicinchoninic acid assay (Sigma-
Aldrich, St. Louis, Missouri). Bovine serum albumin (ThermoFisher, Waltham, Massechusetts)
was used to produce a standard curve ranging between 31.25-1000 pg/mL. Ventricular
homogenate or SR enriched microsomes were diluted in H>O to a ratio of 1:10 or 1:2, respectively.
10 uL of standard or sample was loaded per well in a clear 96 well plate in duplicates. Copper (II)
sulfate solution was added to bicinchoninic acid at a ratio of 1:50 and mixed in a plastic basin. 200
pL of this solution was added to the wells of the 96 well plate using a multi channel pipette. The
plate was incubated at 37°C for 30 minutes and the absorbance in the wells was assessed using a
UVmax Kinetic microplate reader (Molecular Devices, San Jose, California). SoftMax Pro (v 5.2

C) was used to acquire and analyze date from the plate reader.

2.9 SERCA activity assay

ATPase activity in SR enriched microsomes was measured by an coupled-enzyme
spectrophotometric assay.'*! SERCA activity reagents were purchased from Sigma-Aldrich and
were of the highest purity available. Ten mL of activity assay buffer (50 mM imidazole pH 7.0,
100 mM KCI, 5 mM MgCl,, 0.5 mM EGTA, 0.5 mM phosphoenolpyruvate, 2.4 mM ATP, 0.18
mM NADH, 9.6 units/mL pyruvate kinase, 9.6 units/mL of lactate dehydrogenase) was prepared
fresh on ice for each experiment. Three concentrations of Ca®" (0, 0.25 or 1 pM) were prepared in

activity assay buffer and then loaded into individual plastic basins.

At the same time as the activity assay buffer was made, SR enriched microsome samples
were prepared in 10% sucrose to a concentration of 0.1 mg protein/ml followed by addition of 5

uM calcium ionophore A23187 (T9033, Sigma-Aldrich). Samples were then added to a black
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Nuclon coated 96 well plate (5 pL/well) in duplicates for each Ca?* concentration. Each reaction
was run in the presence or absence of the SERCA inhibitor thapsigargin (5 uM, C7522, Sigma-
Aldrich). The reaction was initiated by adding 150 uL of activity assay buffer containing Ca**
from the individual plastic basins prepared above to the microsomal samples in the 96 well plate.
The plate was placed in a Synergy H1 plate reader (BioTek, Winooski, Vermont) within 5 min of
starting the reaction. The decrease in absorbance of NADH (340 nm) was monitored. The
difference in ATPase specific activity (umol ATP hydrolyzed * mg SR enriched microsomes™ *
min!) between SR enriched microsomes without thapsigargin and those with thapsigargin was

used as a measure of SERCA ATPase activity.

2.10 Western blot analysis

Tris-tricine and Tris-glycine sodium dodecyl sulfate polyacrylamide gels were prepared
according to the Appendix. For detection of SERCA2a, VDACI, Na'/K* ATPase, and GAPDH,
ventricular homogenates or SR enriched microsomes (20-30 pg total protein) was diluted in RIPA
buffer and loaded into tubes containing 1x SDS-PAGE loading buffer (from a 6x stock). Samples
were denatured by heating at 95°C for 5 min. Samples were loaded into a Tris-glycine 10%
polyacrylamide gel under reducing conditions and electrophoresed for 120 V until the dye front
ran off the gel. For detection of JPH-2, 5 nug of ventricular extract protein was prepared and
denatured as described above. The samples were loaded on a Tris-glycine 10% polyacrylamide gel

under reducing conditions and electrophoresed in the same manner as above.

For detection of PLN and S'6 phosphorylated PLN, 5 pg of ventricular extract protein was
prepared as above and loaded on a Tris-tricine 16%-polyacrylamide gel under reducing conditions

and electrophoresed at 80 V until the dye front passed the stacking and spacing layers. After which,
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the voltage was increased to 140 V and the gel was run until the dye front reached the end of the
gel but did not run off. Every gel was electrophoresed having a lane containing BLUeye prestained
protein ladder (FroggaBio, Toronto, Ontario) as a molecular weight marker. Proteins were wet
transferred to a polyvinylidene difluoride membrane (0.2 pm pore size, Bio-Rad, Hercules,
California) for 60 min at 100 V. Membranes were then placed in clean plastic trays and blocked
in 5% (w/v) skim milk (Carnation, Markham, Ontario) prepared in Tris-buffered saline with Tween
20 (TBS-T) buffer for 2 hr at room temperature. Membranes were then added to 50 mL conical
tubes containing primary antibody diluted to the appropriate concentration in 5 % (w/v) skim milk
prepared in TBS-T buffer. Primary antibodies for SERCA2a (ab137020), GAPDH, and VDACI
were diluted at a ratio of 1:10,000. Primary antibodies for SERCA2a (MA3-919), PLN and JPH-
2 were diluted at a ratio of 1:2000. Tubes containing membranes were then rotated with primary

antibody at 4°C overnight.

The next day, membranes were washed in TBS-T 7 times (5 min each). Either horseradish
peroxidase conjugated goat anti-mouse (Cedarlane, CLCC30007) or horseradish peroxidase
conjugated goat anti-rabbit IgG (Cedarlane, CLCC42007) secondary antibodies were used where
appropriate. Secondary antibodies were diluted in 5% (w/v) skim milk in TBS-T and then
incubated with the membrane for 1 hr at room temperature under gentle shaking. Excess secondary
was washed from the membranes with 7 washes with TBS-T (5 min each). Bands on the membrane
were detected using Clarity™ ECL western substrate (Bio-Rad, Hercules, California) and exposed
to blue x-ray film (Fujifilm, Minato, Tokyo, Japan). Films were developed with an OPTIMAX X-
Ray film processor (PROTEC GmbH & Co, Dorfwiesen, Oberstenfeld, Germany) and scanned
with a GS-800 densitometer (Bio-Rad, Hercules, California). Bands were quantified using

Quantity One (Bio-Rad, Hercules, California) and ImageJ (NIH, v 1.48). Membranes were stained
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with Coomassie blue (15 min of staining and 15 min of destaining using destaining solution) and

a band was quantified as a loading control.

2.11 Gelatin zymography

Either 20 pg of ventricular extract protein or 30 pg of SR enriched microsomal protein
were prepared with RIPA buffer and 1x zymography buffer. Samples were loaded into a Tris-
tricine 8% polyacrylamide gel co-polymerized with 2 mg/mL of porcine gelatin (G8150, Sigma-
Aldrich, St. Louis, Missouri). 5 uL of Blueye prestained protein ladder (FroggaBio, Toronto,
Ontario) and 2 pL of HT1080 cell conditioned media were run on every gel. Samples were
electrophoresed at 100 V for 80 min. Gels were then washed at room temperature three times (20
min each) in 2.5% (v/v) Triton X-100 (Fisher Scientific, Ottawa, Ontario) in H>O with gentle

agitation to remove sodium dodecyl sulphate and allow proper refolding of gelatinases.

Gels were incubated for 40-48 hours in zymography incubation buffer at 37 °C. Following
incubation, gels were stained with Coomassie blue for 3 hr at room temperature. Gels were
destained using 2% methanol and 4% acetic acid (v/v) in H,O under gentle agitation for at least

24 hr before scanning.

Gels were scanned with a GS-800 densitometer and activity bands (clear against a dark
blue background) were quantified using QunatityOne (v 4.6.6, Bio-Rad, Hercules, California) and

ImagelJ (v 1.48, NIH).
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2.12 In vitro proteolysis assay
2.12.1 4-aminophenylmercuric acetate activation of MMP-2

4-aminophenylmurcuric acetate (APMA) activates the zymogen form of MMP-2 by
disrupting the sulfhydryl bond between C!°? and the catalytic zinc ion.'*? Human full length MMP-
2 purified from TIMP-2 knockout human fibrosarcoma cells (HT1080 cell line) prepared in our
lab (0.2 mg/mL)* was added to activity buffer (150 mM NaCl, 50 mM Tris-HCI, 5 mM CaCla,
pH 7.6) containing 1 mM APMA to a final volume of 200 pL. The reaction was incubated at 37
°C for 2 hr. After, a small portion of the APMA activated MMP-2 was diluted to 1 ng/mL in order
to confirm its activity by gelatin zymography. APMA activated MMP-2 was then aliquoted and

stored at -80°C.

2.12.2 SERCAZ2a proteolysis in SR enriched microsomes

SR enriched microsomes (2 ng) prepared from the ventricles of the perfused hearts (aerobic
group) were incubated with increasing concentrations of APMA activated MMP-2 (1, 10 and 100
ng of MMP-2) for 2 hr at 37°C in activity buffer (150 mM NaCl, 50 mM Tris-HCI, 5 mM CaCl,,
pH 7.6). ARP-100 (100 uM) was added to an additional reaction. One sample of SR enriched
microsomes was kept for 2 hr at 4°C to rule out non-specific degradation of SERCA2a. Samples
were prepared with SDS-PAGE loading buffer and electrophoresed on a Tris-glycine 10%
polyacrylamide gel under reducing at 120 V for 80 min. Proteins on the gel were transferred to a
polyvinylidene difluoride membrane (0.2 um pore size, Bio-Rad, Hercules, California) for
immunoblot analysis using mouse anti-SERCA2a (Invitrogen MA3-919, 1:2000) as described
above. Membranes were scanned with a GS-800 densitometer and bands were quantified using

QunatityOne (v 4.6.6, Bio-Rad, Hercules, California) and ImageJ (v 1.48, NIH).

35



2.12.3 Purified porcine SERCAZ2a proteolysis

SERCAZ2a purified from porcine cardiac muscle was reconstituted in proteoliposomes as
described previously described.!?® APMA activated MMP-2 was incubated with 7 pg of purified
porcine SERCAZ2a in proteoliposomes (1:500-1:10 molar ratio MMP-2:SERCA2a) for 2 hr at 37°C
in activity buffer. An additional reaction (1:10 MMP-2:SERCA2 molar ratio) was performed in
the presence of ARP-100 (30 uM). After the reaction was complete, samples were electrophoresed
under reducing conditions using a Tris-glycine 10% polyacrylamide gel for 80 min at 120V.
Proteins in the gel were stained with Coomassie blue. Gels were scanned with a GS-800
densitometer and bands were quantified using QuantityOne (v 4.6.6, Bio-Rad, Hercules,

California) and ImageJ (v 1.48, NIH).

2.12.4 In vitro proteolysis of JPH-2

5 ng of ventricular extract protein from an aerobic rat heart was added to a tube containing
MMP-2 (1-100 ng) in MMP-2 incubation buffer to a final volume of 20 pL. ARP-100 (30 uM)
was added to one tube to inhibit MMP-2 activity. The samples were incubated at 37°C for 2 hr.
After, samples were prepared with SDS-PAGE loading buffer and electrophoresed on a Tris-
glycine 10% polyacrylamide gel under reducing at 120 V for 80 min. Proteins on the gel were
transferred to a polyvinylidene difluoride membrane (0.2 pm pore size, Bio-Rad, Hercules,
California) for immunoblot analysis using mouse anti-SERCA2a (Invitrogen MA3-919, 1:2000)
as described above. Membranes were scanned with a GS-800 densitometer and bands were

quantified using QuantityOne (v 4.6.6, Bio-Rad, Hercules, California) and ImagelJ (v 1.48, NIH).
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In order to assess the time course of JPH-2 degradation and to better detect degradation
products, 20 pg of ventricular extract protein (from the same aerobic sample above) was incubated
with and without MMP-2 (molar ratio 1:50) for 15, 30, 45, and 60 minutes at 37°C. Products were

prepared, electrophoresed and visualized by the same method above.

In a similar experiment, 20 pg of ventricular extract protein (from the same aerobic sample
above) was incubated with and without MMP-2 (molar ratio 1:50) for 30, 60 and 90 minutes at

37°C. Products were prepared, electrophoresed and visualized by the same method above.

2.13 In silico cleavage site analysis of SERCA2a by MMP-2

The primary amino acid sequences for rat SERCA2a was on Uniprot (https://uniprot.org) and

entered into CleavPredict (http://cleavpredict.sanfordburnham.org/) in order to predict cleavage
sites of MMP-2. CleavPredict is a free online server which predicts the cleavage sites and resulting
fragment sizes for proteolysis by 11 different human MMPs. High probability cleavage sites were
mapped on a 3D structure of rat SERCA2a using PyMOL (v 2.1.1). This stricture was created by
homology modeling of SERCA2a (UNIPROT: P115087) using SWISS-MODEL!** with the
template of rabbit SERCA2a (PDB ID: SMPM) from Protein Data Bank (www.rcsb.org).!3* Three
dimensional structure of rat SERCA2a from the homology modeling was refined using
KoBaMIN."**> Structural Analysis and Verification Server (SAVES) was implemented for
evaluating the quality and validation of the refined 3-D structure model.!*¢ Finally, PyMOL was

used to analyze and visualization of the refined structure.
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2.14 Statistical analysis

Data are expressed as mean = SEM for n independent experiments. Either two-way or one-
way ANOVA was performed where appropriate. Either Tukey’s multiple comparison test or

Dunnett’s test was used for post-hoc comparisons for all experiments.
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Figure 2.1: Schematic diagram of perfusion protocol for the three groups of isolated rat hearts:
aerobic hearts (n=6), IR hearts (n=7), and IR + ARP-100 hearts (n=6). IR hearts were subjected to
20 min of global, no-flow ischemia, followed by 30 min of aerobic reperfusion. ARP-100 (10 uM)

or DMSO vehicle (0.05%) was added to the recirculating buffer 10 min into perfusion.
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Chapter 3: Results

3.1 Determining possible inhibitory effect of MMP inhibitor ARP-100 on calpain activity

Troponin I is a known substrate of calpain in vitro.'*” In order to determine if ARP-100
inhibits calpain activity, calpain-2 was incubated (1 hr at 37°C) with a troponin I fragment (aa 1-
77) in the presence or absence of DMSO vehicle, ARP-100 or MDL-28170 (30 uM each).
Incubation of calpain with troponin I aa 1-77 at a ratio of 1:500 resulted in limited proteolysis of
the main band into several smaller degradation products as shown in lane 2 (Figure 3.1). These
degradation products were prevented by pre-incubating calpain with MDL-28170 but not with
ARP-100. This suggests that ARP-100 does not inhibit calpain activity up to a concentration of 30

uM.

3.2 Effect of ARP-100 on cardiac performance of rat hearts subjected to IR injury

Prior to the start of the isolated working rat heart experiments, the solubility of ARP-100
was confirmed in the recirculating modified Krebs-Henseleit buffer system for 2 hr at 37°C. The
effect of ARP-100 (10 uM) on parameters of aerobic heart function was also assessed, and it was
determined that ARP-100 had no effect on measured parameters (peak systolic pressure, heart rate,

aortic flow and cardiac output) over 90 min on an aerobic control heart (n=2, data not shown).

Three groups of isolated rat hearts were perfused in working mode for a total of 70 min:
Aerobic (n=6), IR (n=7), and IR+ARP-100 (n=6). Either ARP-100 or DMSO vehicle were added
into the recirculating buffer system at 10 min into the perfusion. Initial 20 min of aeobic perfusion
were followed by 20 min ischemia and 30 min reperfusion in the IR and IR+ARP-100 groups. The

main parameter measured to assess contractile function was cardiac work, which is the product of
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peak systolic pressure and cardiac output. Other measured and derived parameters include aortic
flow, coronary flow, and heart rate (Table 3.1). There was no difference between the three groups
in any of these parameters prior to ischemia (20 min into the perfusion) as shown in Table 3.1. The
cardiac contractile function of the aerobic group was stable for the full 70 min perfusion as
measured by cardiac work (Figure 3.2a). IR hearts showed a significant impairment in the recovery
of cardiac work during reperfusion as compared with aerobic hearts (Figure 3.2a). The MMP
inhibitor ARP-100 significantly improved the recovery of cardiac work during reperfusion as
compared to the IR hearts at 70 min (p<0.05, Figure 3.2a). This was reflected by a significant
improvement in cardiac output (p<0.05, Figure 3.2b), but not peak systolic pressure, between
IR+ARP-100 and IR groups (Figure 3.2¢). Heart rate was significantly depressed in the IR group
at the end of perfusion compared with aerobic, but not the IR+ARP-100 group compared with
aerobic (p<0.05, Table 3.1). ARP-100 also improved coronary flow at the end of reperfusion
versus IR hearts (p<0.05, Table 3.1). This is the first study to show a cardioprotective effect of

ARP-100 against myocardial stunning.

3.3 SERCAZ2a levels in hearts following perfusion

The level of SERCA2a in ventricular extracts was not different between the three
experimental groups, as measured using two different antibodies (Figure 3.3a, b). A longer
exposure of the membrane probed with mouse anti-SERCA2a (2A7-Al) revealed several lower
molecular weight bands which may be proteolytic products of SERCA2a between 48 and 75 kDa
(Figure 3.4a). Of interest, 3 prominent bands were observed of ~70, 65 and 50 kDa. The 70 kDa
product was increased two-fold in IR hearts compared to aerobic hearts (n=6-7, p<0.05, Figure

3.4b). This increase was absent in the IR+ARP-100 group hearts. In contrast, the 65 kDa product
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was increased in both IR and IR+ARP-100 groups compared to vehicle, suggesting this product is
formed in an MMP-independent manner (n=4, p<0.05, Figure 3.3c¢). The 50 kDa band was
unchanged across all heart groups (n=4, Figure 3.3d). Due to the low density for the 50 and 65
kDa bands, only n = 4/group could be quantified. The density of the 70 kDa band mentioned above

correlated negatively with cardiac work at the end of perfusion (r>=0.33, Figure 3.3¢).

3.4 Sulfonic acid modification of SERCA2a in hearts following perfusion

SERCA2A degradation to products at 60 and 70 kDa was associated with increased
cysteine sulfhydryl oxidation to sulfonic acid of SERCA2a residue C®* in aorta from
hyperlipidemic pigs compared to control aorta.'” We therefore wanted to see if the increased 70
kDa SERCA2a product found using the MA3-919 anti-SERCA2a antibody in the IR group was
associated with an increase in C°’* sulfonylation of SERCA2a. A representative membrane is
shown in Figure 3.5a. This antibody detected numerous bands between 65 kDa and 235kDa. No
clearly identifiable band was detected at 110 kDa. Prominent bands were found above 135 kDa
and at ~70 kDa. The 70 kDa band was approximately the same molecular weight as the prominent
degradation band found with the 2A7-A1 SERCAZ2a antibody. Quantification of this band showed
no changes between the three groups of isolated rat hearts (Figure 3.5b). Due to the poor signal to
noise ratio for the bands detected using this antibody, only an n = 4-5 hearts per group could be

quantified.
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3.5 Phospholamban levels in hearts following perfusion

Phospholamban is a key negative regulator of SERCA2a function in cardiac ventricular
tissue. ' Phosphorylation of phospholamban relieves this inhibition. We therefore looked at levels
of phospholamban and phosphorylated phospholamban. The levels of phospholamban in
ventricular extracts were the same in all groups (Figure 3.6a). When phosphorylated,
phospholamban tends to form pentamers.”” Because of this, the 25 kDa product of S'
phosphorylated phospholamban is thought to be a more accurate reflection of total S'
phosphorylated phospholamban. Levels of S!¢ phosphorylated phospholamban pentamer were
unchanged between groups (Figure 3.6b). A longer exposure revealed additional bands which
when quantified together which showed no change (data not shown). An increase in the ratio of
S'6 phosphorylated phospholamban pentamer : phospholamban was observed in the IR+ARP-100
group compared with the aerobic group (p<0.05, Figure 3.6¢). Levels of total S'® phosphorylated
phospholamban pentamer : phospholamban were also increased in the IR+ARP100 group

compared with the aerobic group (data not shown).

3.6 Verification of purity and activity in response to calcium of SR enriched microsomes

Ventricular tissue was isolated freshly (without freezing) from perfused rat hearts (aerobic,
IR and IR+ARP-100 groups). It was then immediately used to isolate the cytosolic fraction and
SR enriched microsomes. The purity of the SR enriched microsomes was assessed against the
starting homogenate and cytosolic fraction by immunoblot using antibodies against organelle
specific markers (Figure 3.7a). The SR marker used was SERCAZ2a, the plasmalemmal marker
was Na'/K" ATPase, the mitochondrial marker was VDAC1 and the cytosolic marker was

GAPDH. SERCA2a was highly enriched in SR enriched microsomes compared with the
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homogenate. SR enriched microsomes also contained contaminants from the mitochondria and
plasma membrane as shown by some signal for VDACI and Na’/K" ATPase. SR enriched
microsomes are free from cytosolic contamination as only the starting homogenate and cytosolic

fraction showed the presence of GAPDH.

A Ca*" titration curve was performed on SR enriched microsomes from an aerobic heart
(Figure 3.7b). We found maximal thapsigargin dependent ATPase activity, attributable to SERCA
activity, at a Ca** concentration of 1 pM and a midpoint SERCA activity at a Ca®" concentration
of 0.25 uM. This is an expected Ca®" response in relation to the change in [Ca®']; in cardiac
myocytes during systole and diastole.®® These calcium concentrations were then used to assess
SERCAZ2a activity at so denoted intermediate (0.25 pM) and high (1 uM) calcium concentrations

in SR enriched microsomes from the three groups.

3.7 SERCAZ2a activity in SR enriched microsomes

One of the main objectives of this study was to determine if MMPs, activated in the
myocardium as a result of IR injury, impair SERCA2a function following IR injury. SERCA2a
activity was assessed by thapsigargin dependent ATPase activity in SR enriched microsomes
obtained from the three groups, and expressed as pmol ATP hydrolyzed * min! « mg protein™’.
SERCA2a activity was not statistically different between the groups at 1 uM Ca*" (Figure 3.8a).
In contrast, at 0.25 pM Ca®*, SERCA2a activity was decreased in both the IR and IR+ARP-100

groups (p<0.05, Figure 3.8b).
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3.8 MMP-2 activity in SR enriched microsomes and ventricular extracts by gelatin

zymography

Activity of gelatinases (MMP-2 and MMP-9) was assessed by gelatin zymography in SR
enriched microsomes and ventricular extracts from the three groups of isolated working rat hearts.
HT1080 cell conditioned media was run with every gel as a standard for MMP-2 and MMP-9
(Figure 3.9). As previously reported, ventricular extracts showed a major band of 72 kDa MMP-2
activity and a faint band of 64 kDa. We report here for the first time that SR enriched microsomes
contain 72 kDa, and to a lesser extent 64 kDa, MMP-2 activity. SR enriched microsomes should
not encompass the MAM as it pellets with the mitochondria, therefore here we show that MMP-2
is also localized to regions of the SR outside of the MAM. Neither the ventricular extracts nor SR
enriched microsomes showed MMP-9 signal. In the ventricular extracts, IR+ARP-100 hearts had
less MMP-2 activity than the aerobic hearts (p<0.05, Figure 3.9a). There was no difference in

MMP-2 signal in SR enriched microsomes from the three groups of hearts (Figure 3.9b).

3.9 In vitro proteolysis of SERCA2a by MMP-2

3.9.1 In vitro proteolysis of SERCA2a in SR enriched microsomes from an aerobic heart by

exogenous MMP-2

SR enriched microsomes prepared from aerobic control hearts were incubated with APMA-
activated MMP-2 for 2 hr at 37°C in order to assess the susceptibility of native rat SERCA2a to
MMP-2 proteolysis (Fig. 3.10). Products from the in vitro proteolysis experiment were visualized
by immunoblot using the SERCA2a (2A7-Al) antibody (Fig. 3.10). Incubation of SERCA2a at
37°C caused the formation of oligomers around 250 kDa. Incubation with increasing amounts of

MMP-2 firstly caused a reduction in SERCA2a oligomers which is was accompanied by an
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increase in the SERCA2a monomer. The density of the SERCA2a monomer was reduced at a
higher concentration of MMP-2 (100 ng). This loss of SERCA2a by MMP-2 was prevented with
ARP-100 (Figure 3.10a). A longer exposer of this membrane (Fig. 3.10b) revealed the formation
of two ~70 kDa SERCA2a degradation products, which did not appear with ARP-100. This
experiment suggests that SERCA2a in its native form is susceptible to proteolysis by exogenously

provided MMP-2.

3.9.2 In vitro proteolysis of SERCA2a in purified cardiac SERCA from porcine hearts by

exogenous MMP-2

Purified porcine SERCA2a embedded in proteoliposomes was received from Dr. Howard
Young as a gift. 7 ug of porcine SERCA2a was incubated with increasing molar ratios of APMA-
activated MMP-2 (1:500-1:10) at 37°C for 2 hr (Figure 3.11). One reaction (1:10 MMP-
2:SERCA2a) was run in the presence of ARP-100. Purified SERCA2a by itself contained some
impurities as shown by several smaller molecular weight bands well below the 100kDa marker.
Increasing molar ratios of MMP-2 caused first a degradation of the 110 kDa SERCA band to a
slightly lower molecular weight band at around 100 kDa. This was followed by the disappearance
of both the main band and the 100 kDa product at a ratio of 1:50. Addition of ARP-100 to the
reaction prevented the proteolysis of SERCAZ2a. Due to the presence of other smaller molecular
weight contaminating proteins or already degraded SERCA2a in porcine cardiac SR prep, any

smaller MMP-2-dependent degradation products of SERCAZ2a could not be identified.
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3.10 In silico prediction of MMP-2 cleavage sites on SERCA2a

The primary amino acid sequence of rat SERCA2a was obtained on Uniprot

(https://uniprot.org). This sequence was then entered into CleavPredict; a free online database for

determining potential cleavage sites for several MMPs.!*® CleavPredict predicts secondary
structures and disordered regions and takes this into account in its final prediction. Many putative
cleavage sites for MMP-2 were found on SERCA2a primary structure. Of interest, three of these
sites give potential degradation products of around 70 kDa (Figure 3.12a). These sites were
mapped onto a 3-D structure of rat SERCA2a using PyMOL. As only the rabbit crystal structure
is available, rat primary sequence was used to create a pseudo 3D rendering using the rabbit crystal
structure using SWISS-MODEL. '3* Only two of the three identified cleavage sites are accessible

to cleavage in the cytosolic domain, P1 at 609 and 664, and are illustrated in Figure 3.12b

3.11 Levels of JPH-2 in the three groups of isolated working hearts

JPH-2 coordinates the SR in close proximity to the t-tubules, and is essential for proper excitation
contraction coupling . Levels of 90 kDa JPH-2 were unchanged between the three groups of rat
hearts (Figure 3.13a). When the membranes were overexposed, a smaller band was present around
75 kDa, which may be a JPH-2 degradation product (Figure 3.13b). This band increased in the IR

group compared to the aerobic group (p<0.05).
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3.12 In vitro degradation of JPH-2 by MMP-2 in ventricular extracts

Ventricular extract (4 ug total protein) from an aerobic sample was incubated (1 hr at 37°C)
with increasing amounts of APMA-activated MMP-2 (1-100 ng) followed by immunoblot to detect
JPH-2 (Figure 3.14a). MMP-2 proteolyzed JPH-2 in a concentration dependent manner which was

prevented with ARP-100.

In order to detect degradation products, 20 pug of ventricular extract was incubated with
and without 10 ng MMP-2 at 37 °C for 15-60 min. Immunoblot was then performed on the products
to detect JPH-2 (Figure 3.14b). There was a time-dependent degradation of JPH-2 to ~65 and lower
kDa products which was independent of exogenously added MMP-2. In as little as 15 min, a ~65
kDa fragment was observed in the absence of MMP-2. Addition of MMP-2 resulted in increased

degradation of the main JPH-2 band at 60 min.
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Table 3.1: Parameters of heart performance before ischemia (20 min into perfusion) and at the
end of reperfusion (70 min into perfusion) for the three groups of isolated working rat hearts.

*p<0.05 vs aerobic using one-way ANOVA followed by Tukey’s post hoc test.

1:p<0.05 vs IR using one-way ANOVA followed by Tukey’s post hoc test.

Pre-ischemia (t = 20 min) Aerobic IR IR+ARP-100
(n=6) (n=7) (10 uM, n=6)
Cardiac output (mL/min) 62.3+£3.5 62.7+4.6 67.3+£5.3
Aortic flow (mL/min) 41.5+1.8 43.94+4.6 47.7+4.4
Coronary flow (mL/min) 20.8+£2.5 18.9£1.1 19.7£1.4
Heart rate (bpm) 272+6 266+8 262+15
Peak systolic pressure (mmHg) 117£3 112+£2 120+2
Cardiac work 6.6+0.4 7.0+0.6 7.4+0.8
(mmHg*mL*min"'*1000")
End of reperfusion (t =70 min) Aerobic IR IR+ARP-100
(n=6) (n=7) (10 upM, n=6)
Cardiac output (mL/min) 64.8+£2.2 23.0+£8.1%* 45.3+4 4
Aortic flow (mL/min) 45.3£1.6 11.1+4.7* 23.0+4.9*
Coronary flow (mL/min) 19.5+0.8 11.943.7 27 3+1 &
Heart rate (bpm) 277+10 118+45* 194£21
Peak systolic pressure (mmHg) 118+4 79+23 124+6
Cardiac work 6.9+0.3 2.6+0.9% 51+0.5"
(mmHg*mL*min"'*1000")




Table 3.2: Complete list of predicted MMP-2 cleavage sites on rat JPH-2 using CleavPredict.
Position weight matrices (PWM, range: 0-12) score rates cleavage sites based on their sequence
in relation to the determined consensus sequence of MMP-2. Sec Str pred = predicted secondary
structure. E indicates a strand, H indicates a helix, and _indicates no predicted secondary
structure. Regions which are predicted to be disordered are designated with an asterisk.
Predicted N and C terminal cleavage fragment masses on the right. All predicted sites are in the
cytosolic domain of JPH-2.

P1 - Residues PWM Sec Str Disorder N-mass C-mass
position Score pred (M,) (M,)
50 FEVAG-VYTWP 1.12 EEEEEEEE  .......... 5099.11 69131.55
150 SVPYG-MAVVV 0.53 E_ EEEEE .......... 16333.29 57897.37
158 VVRSP-LRTSL 1.58 EEE .. *x 17172.76 57057.90
165 TSLSS-LRSEH 724 SR 17917.16 56313.50
200 GFALS-LLATA 1.78 _HHHHHHHHH — .....0. ... 21378.90 52851.76
201 FALSL-LATAE 3.40 HHHHHHHHHH ..., ..., 21491.98 52738.68
213 RPPGL-FTRGA 450 HHHH ... 22639.61 51591.05
222 ALLGR-LRRSE 5.91 HEHHHHH R 23611.17 50619.49
241 SRLSF-LKSEL 6.78 HEHHHHHE R 25815.33 48415.33
272 DAAAP-FDADI 262 0 Faaaaaann 28628.60 45602.06
288 TYMGE-WKNDK 2.95 EEE__ el 30389.32 43841.34
305 ERSSG-LRYEG 097 HHH R 32267.21 41963.45
315 EWLDN-LRHGY 1.29 HHHHH ..., 33542.78 40687.88
350 RRVLP-LKSNK 5.07 EEEE SRR 37619.98 36610.68
372 QRAAA-IARQK 3.79 HHHHHHHHHH SRR 39977.27 34253.39
382 AEIAA-SRTSH 1.90 HHHHHHH HH R 41028.88 33201.78
399 AEQAA-LAANQ 1.22 HHHHHHHHHH e 42736.75 31493.91
411 NIART-LAKEL 2.26 HHHHHHHHHH SRR 44005.39 30225.27
435 RLLOE-ILENS 0.73 HHHHHHHH AR 46875.86 27354.80
487 TPPQP-KRPRP o8 e 52457.56 21773.10
494 PRPGS-SKDGL 229 R 53236.00 20994.66
504 LSPGA-WNGEP 136 0 AR 54161.47 20069.19
518 SRPAT-PSDGA 061 RS 55557.07 18673.59
547 PPPAP-SREPE 282 HH e 58501.52 15729.14
555 PEVAL-YRGYH 4.07 HHHHHHH AR 59382.97 14847.69
594 EPPSP-VSATV 494 E_E RS 63720.92 10509.74
607 ESPAP-RSRVP 1.3 e 65045.53 9185.13
617 AKPAT-LEPKP 279 R 66109.15 8121.51
622 LEPKP-IVPKA 062 RS 66673.46 7557.20
640 TEARG-LSKAG 3.96 HHHHHHHHHH RS 68604.58 5626.08
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Figure 3.1: Purified calpain-2 (lane 2-4) incubated (1 hr, 37°C) with troponin I aa 1-77 fragment
(lane 1-4) in the presence or absence of vehicle (DMSO, lane 1, 2), 30 uM ARP-100 (lane 3), or
30 uL MDL-28170 (lane 4). ARP-100 had no effect on calpain mediated troponin I aa 1-77
degradation. Position of molecular weight markers is indicated on the left.
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Figure 3.2: Cardiac contractile performance as measured by cardiac work, the product of peak
systolic pressure and cardiac output. IR hearts were subjected to 30 min global, no-flow ischemia
(indicated by grey box in A-C) followed by 30 min reperfusion in the presence or absence of ARP-
100 (10 uM). (A) ARP-100 significantly improved the recovery of cardiac work following IR. (B)
Peak systolic pressure during the time course of perfusion. (C) Cardiac output during the time
course of perfusion. *p<0.05 by two-way ANOVA followed by Tukey’s post hoc test.
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Figure 3.3: SERCA2a protein levels in ventricular extracts from isolated working rat hearts. (A)
Representative immunoblot (upper) and quantified results of SERCA2a band density using 2A7-
A1 antibody for detection of SERCA2a (n=6-7/group). (B) Representative immunoblot (upper)
and quantified results of SERCA2a band density using EPR9393 antibody for detection of
SERCA2a (n=6-7/group). Position of molecular weight markers indicated on the left. Test used:
one-way ANOVA followed by Tukey’s post hoc test.
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Figure 3.4: Protein levels of SERCA2a and potential degradation products in ventricular extracts
from isolated working rat hearts. (A) Detection and quantification of three putative SERCA2a
products from the 2A7-A1 epitope antibody at 75 kDa (n=6-7/group), 65 kDa (n=4/group), and 50
kDa (n=4/group). Representative western on top shows position of molecular weight markers on
the left and arrows pointing to the three quantified bands on the right. (B) Cardiac work at end of
perfusion for all groups plotted against 70 kDa SERCAZ2a fragment in arbitrary units (n=19).
*p<0.05 by one-way ANOVA followed by Tukey’s post hoc test.

54



o 1.5+
3
Q0
(1] R
2 (&]
S5 107
w g
(/)]
c 9 -
2 % 0.5
>
o
= €
L
=
(/)]

0.0 T
Aerobic IR IR+ARP100

Figure 3.5: Protein levels of C®’* sulfonylated SERCA2a in ventricular extracts using a custom
antibody. (A) A representative western of one membrane showing that the SERCA2a sulfonylated
C%7* antibody detects multiple bands in ventricular extracts including a prominent band at ~ 70
kDa. Positions of molecular weight markers inidicated on the left. (B) Quantification of the 70
kDa C%* sulfonylated SERCA2a band normalized to coomassie blue (n=4-5/group). Test used:
one-way ANOVA followed by Tukey’s post hoc test.
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Figure 3.6: Protein levels of phospholamban and S'® phosphorylated phospholamban in
ventricular extracts from isolated working rat hearts. (A) Levels of phospholamban were
unchanged between groups (n=6-7/group). (B) Levels of pentameric (25 kDa) S'¢ phosphorylated
phospholamban were unchanged between groups (n=6-7/group). Position of molecular weight
markers indicated on the left of representatives. (C) The ratio of S'® phosphorylated
phospholamban to phospholamban was increased in IR+ARP-100 compared to aerobic group
(n=6-7/group). *p<0.05 by one-way ANOVA followed by Tukey’s post hoc test.
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Figure 3.7: Verification of SR enriched mircosome purity and activity in response to Ca**. (A)
Protein levels of organelle marker proteins for 20 pug of starting homogenate after the first 4000
xg spin (H), SR enriched microsomes (SR) and cytosol (Cyt). SERCAZ2a is a marker of the SR,
Na?"/K' ATPase is a marker of the sarcolemma, VDAC is a marker of the mitochondria, and
GAPDH is a marker of the cytosol. Position of molecular weight markers is shown on the left.
Representative blots from n=2 microsome isolations. (B) SERCA2a activity measured as
thapsigargin sensitive activity in one SR enriched microsome from an aerobic heart in response to
change in Ca*" concentration (n=1).
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Figure 3.8: SERCA2a activity as measured by thapsigargin sensitive ATPase activity in SR
enriched microsomes from the three groups of isolated rat hearts using a coupled-enzyme
spectrophotometric assay. (A) SERCA2a activity at Ca** concentrations of 1 uM (A, n=4-5) and
(B) 0.25 uM (B, n=4-5, p<0.05). *p<0.05 by one-way ANOVA followed by Tukey’s post hoc test.
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Figure 3.9: Total MMP-2 activity (both 72 and 64 kDa bands) measured by gelatin zymography
in ventricular extracts and SR enriched microsomes. (A) Representative zymogram of ventricular
extracts from each group is displayed above the quantified results (n=6-7/group). HT-1080
conditioned media was used as a standard for MMP-2 and MMP-9. (B) Representative zymogram
of SR enriched microsomes from each group is displayed above the quantified results (n=6-
7/group). Standard and samples are cropped from the same gel. *p<0.05 by one-way ANOVA
followed by Tukey’s post hoc test.
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Figure 3.10: Degradation of SERCA2a in SR enriched microsomes by MMP-2. Increasing
amounts of MMP-2 incubated with SR enriched microsomes for 2 hr at 37°C followed by
immunoblot of the products for SERCA2a (representative of n=2 experiments). (A) Immunoblot
at a short exposure. The first lane was from a sample kept at 4°C as a control. Molecular weight
markers are illustrated on the left. The SERCA2a bands in lane 4-6 were quantified and the raw
densitometry is given immediately below the quantified band. (B) Long exposure of the same
membrane in panel A to reveal ~70 kDa degradation products.
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Figure 3.11: Coomassie blue stained gel of in vitro degradation of purified porcine cardiac
SERCA embedded in proteoliposomes by APMA activated MMP-2. SERCA was incubated with
increasing molar ratios of APMA activated MMP-2:SERCA2a (1/500-1/10) for 2 hr at 37°C.
Increasing amounts of MMP-2 degrade SERCAZ2a first to a 100 kDa product which is then
followed by disappearance of both the main band and 100 kDa product. This was prevented with
ARP-100. The first lane contains the molecular weight ladder with their respective molecular
weights indicated on the left.
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P1 position Cleavage Predicted N- Predicted C-
sequence terminal mass | terminal mass
(P5-P5’)
412 DGLVE-LATIC 45,14 69.57
609 EVASS-VKLCR 66.97 47.74
664 LSPSA-QRDAC 72.89 41.82

h Cytoplasm

SR membrane

Lumen

Figure 3.12: Predicted cleavage sites of MMP-2 on rat SERCA2a mapped on SERCA2a structure
(rat). (A) Table of predicted cleavage sties giving a product around 70 kDa. (B) Two of the three

sites are accessible to proteolytic attack from the outside of the molecular and are sites mapped on
a 3D rendering of SERCA2a, S°° and A%,
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Figure 3.13: JPH-2 levels in ventricular extracts from isolated rat hearts by immunoblot. (A)
There was no difference in the JPH-2 upper band (100 kDa) between groups (n=6-7/group). (B) A
75 kDa product trended to increase in IR hearts compared with Aerobic (n=6-7/group, p<0.05).
*p<0.05 by one-way ANOVA followed by Dunnett’s post hoc test.
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Figure 3.14: Ventricular extracts incubated with MMP-2 followed by immunoblot for JPH-2. (A)
4 ng ventricular extract incubated with increasing amounts of MMP-2 for 1 hr at 37°C results in
the degradation of JPH-2. Densitometry values are shown immediately below bands. (B) 20 pug
ventricular extract incubated for 15-60 min at 37°C in the presence and absence of 10 ng MMP-2.
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Chapter 4-Discussion

4.1 Summary of key findings

I found several lines of evidence implicating MMP-2 as an important protease which can
cleave SERCA2a during myocardial IR injury. The MMP inhibitor, ARP-100, prevented the
formation of a 70 kDa SERCA fragment which was formed during IR injury. Levels of this
fragment negatively correlated with cardiac contractile function at the end of perfusion.
Exogenously added MMP-2 cleaved native SERCA2a in SR enriched microsomes to form ~70
kDa product(s) similar to the 70 kDa fragment seen in ventricular homogenates. MMP-2 also
cleaved purified porcine SERCA2a in a concentration-dependent manner. In silico analysis of
MMP-2 cleavage sites on the primary sequence of rat SERCA2a found three potential sites which
would give an expected product of approximately 70 kDa. Two of these putative cleavage sites
were accessible to proteolysis when mapped on a 3D rendering of rat SERCAZ2a. I obtained SR
enriched microsomes from a separate group of hearts perfused with the same protocol and detected
MMP-2, but not MMP-9, activity in the SR enriched microsomes. Activity of SERCA2a in SR
enriched microsomes was decreased by IR, however, this was not prevented with ARP-100. This

is the first study to identify SERCAZ2a as a potential novel substrate of MMP-2 in the SR.

I also investigated JPH-2 as a potential target of MMP-2 during IR injury. In silico analysis
of JPH-2 revealed many high probability MMP-2 cleavage sites. I found a potential 75 kDa JPH-
2 degradation product increased in IR hearts in a MMP-dependent manner. Incubation of
ventricular extracts at 37°C with MMP-2 resulted in the proteolysis of JPH-2, which was prevented

with ARP-100. This is the first study to provide evidence of JPH-2 as a putative target of MMP-2.
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4.2 MMP-dependent 70 kDa SERCAZ2a cleavage fragment in IR hearts

Both decreased protein levels and impaired function of SERCA2a have been implicated in
IR induced cardiac contractile dysfunction.!'> ** Homozygous knockout of SERCA2a in mice,
but not SERCA2b, resulted in some embryonic lethality due to heart malformations, with most
mice surviving until adulthood.'*° These mice demonstrated concentric cardiac hypertrophy. The
hearts of heterozygous SERCA2a knockout mice were more susceptible to both in vivo and ex
vivo IR injury and showed increased infarct size and impaired contractility.!'® 7 It was proposed
that the state of SERCA2a function determines to a large extent if an ischemic insult is reversible
or irreversible.!!” The proposed mechanistic role of SERCA2a dysfunction in IR injury is the
exacerbation of intracellular calcium overload, leading to activation of Ca®" dependent proteases,

increased cell death, and altered intracellular signaling.!'% 16

Here I report for the first time the presence of degradation products of SERCA2a formed
during cardiac IR injury. One of these products at ~70 kDa increased in an MMP-dependent
manner, indicating that this cleavage product may be generated by MMP-2. Two other degradation
bands were characterized at ~65 and ~55 kDa, but did not exhibit MMP-dependent changes in
their levels. Ying et al. (2008)'% have previously described similar degradation products of
SERCAZ2a (at 70 and 60 kDa) in SR from hyperlipidemic pig aorta compared with control pig
aorta. These investigators used the same monoclonal SERCAZ2a antibody clone (2A7-A1) which I
used here. Degradation of SERCA2a to lower molecular weight products as seen by Ying et al.
was associated with increased sulfonic acid oxidative modification of C%* on SERCA2a. This
modification was detected by immunoblot and immunohistochemistry employing a custom
antibody to detect this specific modification on SERCA?2a. They validated this antibody by peptide

blocking assay for use in immunoblot. These authors hypothesized that increased oxidative stress
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(as generated during IR) modifies SERCA2a, particularly by oxidizing cysteine sulthydryl groups
to sulfonic acid, increasing its susceptibility to degradation. They, however, did not implicate or
identify any proteases. In this study I measured levels of C®’* sulfonylated SERCA2a in ventricular
extracts by immunoblot using the same custom antibody used by Ying et al (2008). The signal to
noise ratio of this antibody was poor, making it a challenge to detect clean bands. Immunoblot of
ventricular extracts with this antibody produced numerous bands at several different molecular
weights, none of which were at 110 kDa, the expected molecular weight of SERCA2a. One band
was around 70 kDa, similar to the SERCA2a fragment seen with the anti-SERCA2a 2A7-A1
epitope antibody. However, there was no significant difference in the levels of this band between

the groups.

Investigators in the past have found decreased SERCA2a protein levels following IR injury

L 12, 11% whereas I did not see any change in total SERCA2a protein levels

in isolated rat hearts,
in the ventricular extracts. One major difference between this study and the previously mentioned
studies is that I perfused isolated rat hearts in working mode, whereas the aforementioned studies
perfused rat hearts according to Langendorff. In working mode, both the left atria and aorta are
cannulated, and the left ventricle of the isolated rat heart is performing external work on the
recirculating buffer in order to pump it against a hydrostatic afterload and provide for its own
coronary circulation. Hearts perfused according to Langendorff are only cannulated via the aorta
and do not perform any external work. Isovolumetric pressure of the left ventricle is instead
measured by an inserted balloon catheter. The initial pressure of the balloon catheter (usually
around 5 mmHg and termed preload) is set at the beginning of the perfusion. During ischemia and
to a larger extent reperfusion, the pressure on the ventricular balloon increases due to ischemic
contracture,'*! increasing stress on the left ventricle. This increase in preload does not occur in the

working heart as pressure is not measured via balloon catheter but is set by the distance of the
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oxygenator to the atrial cannula which is maintained constant during perfusion. Deflation of the
balloon catheter during reperfusion, and thus decreasing the preload, prevented troponin I
degradation in isolated rat hearts perfused according to Langendorff.!*> As previous studies used
the Langendorff technique, increased ventricular wall stress upon reperfusion may be responsible
for SERCAZ2a proteolysis seen in the past. Further discrepancies between this study and previous
ones regarding IR induced changes in SERCA2a levels may reflect differences in the age of
animals used (not stated in some studies, and unknown in my study), ischemic time, temperature
of the hearts during ischemia, and time of total perfusion. These previous studies used a longer
ischemic time (30 min) and a longer total perfusion time (120 min).''"> 12 This opens up the
possibility of altered SERCA2a mRNA expression effecting SERCA2a levels. In line with this
reasoning, decreased SERCA?2a levels have been associated with decreased SERCA2a mRNA
expression at 120 min perfusion time.!'? Previous authors also used a different monoclonal
SERCA2a antibody (IID8),'!!: 112 114143 which probably binds to a different epitope.'** As the
exact binding epitope for the IID8 antibody was not mapped, it is possible that it binds to a region
of SERCAZ2a which is post-translationally modified during IR injury. Thus, the antibody epitope
may be obscured during IR injury in the absence of altered protein levels. All previously mentioned
studies used the IID8 antibody SERCAZ2a antibody (if stated), whereas I verified my results using
two different SERCA2a antibodies with different binding epitopes. I did not test the IID8 antibody

here.

I tested if MMP-2 can proteolyze SERCAZ2a in vitro to support my ex vivo findings. I tested
if native SERCA2a in SR enriched microsomes prepared from an aerobic heart was susceptible to
proteolysis by MMP-2 and came across several interesting findings. First, I found that SERCA2a
in SR enriched microsomes forms oligomers when incubated at physiological temperature. These
oligomers were not separated by electrophoresis under reducing conditions. It has been suggested
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that SERCA forms homodimers in cells, and interacts with PLN in a 2:1 (SERCA:PLN)
stoichiometric ratio.!* The exact function of SERCA2a dimers and how they regulate its function
is unknown. Addition of MMP-2 caused monomerization of oligomers, suggesting that a physical
interaction between MMP-2 and SERCA2a may be disrupting its oligomerization. Second, I
observed proteolysis of 110 kDa SERCA2a with increasing amounts of MMP-2. This was
associated with the appearance of a ~70 kDa degradation products, similar to what was seen in the
ventricular extracts. Third, I found that ARP-100 prevented proteolysis of SERCA2a in SR
enriched microsomes, but did not restore oligomers of SERCAZ2a. This suggests that MMP-2 may
be binding to SERCA2a at a site distinct from its catalytic site and may still interrupt the
oligomerization in the presence of a MMP inhibitor. Lastly, I found that purified porcine
SERCAZ2a is also susceptible to MMP-2 proteolysis, supporting SERCA2a as a target of MMP-2.
I detected many bands in the purified porcine SERCA2a prep by Coomassie blue in the absence
of MMP-2, which could be already degraded SERCA2a or contaminating proteins. This prevented
me from visualizing any smaller molecular weight proteins. Previous investigators have reported

that SERCA2a is not a substrate of calpain in vitro,!!3 146

Knowing that MMP-2 may cleave SERCA2a to ~70kDa products and that a 70 kDa
SERCAZ2a product was formed in a MMP dependent manner as a result of IR injury, I used
cleavage prediction software (CleavPredict)'*® to identify potential cleavage sites of MMP-2 on
SERCA2a which would result in a 70 kDa fragment. From a long list of predicted sites, I identified
only three putative sites which could give a product of around 70 kDa, with P1 at 412, 609 or 664.
I will call these putative cleavage sites cleavage site A, B, and C, respectively. These sites were
mapped onto a 3D structure of rat SERCA2a in PyMOL, which was produced by homology
modeling of rat SERCA2a with rabbit SERCA2a (for which a crystal structure exists). Only
cleavage sites B and C were in domains accessible to proteolytic attack. The consensus sequence
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of MMP-2 derived from peptide cleavage libraries shows that MMP-2 prefers small amino acids
in the positions P2, P1, and P3', particularly alanine.!*’- 14¥ Both cleavage site B and C met this
stipulation for positions P2 and P1. Cleavage site C contains a proline in the P3 position, which is
a strong preference according to the cleavage consensus sequence of MMP-2.!47 Both cleavage

site B and C are positioned within an alpha helix.

The levels of phospholamban in ventricular extracts were also measured, since it is a well-
studied cardiac-specific regulator of SERCA2a activity.'* Binding of phospholamban to
SERCA2a decreases SERCA2a activity, and this inhibition is relieved upon phosphorylation of
phospholamban at two key sites, S'¢ and T'7.!° Levels of phospholamban were unchanged
between groups. I measured the pentameric form of S'® phospho-phospholamban as this may be a
more accurate measurement of phospholamban phosphorylation than the monomeric form as

14991 saw no changes in S'

phosphorylation of phospholamban promotes its pentamerization.
phospho-phospholamban between the groups. However, the ratio of phospho-phospholamban to
phospholamban was significantly higher in the IR+ARP-100 group compared to Aerobic (P<0.05).
This suggests less of an inhibitory effect of phospholamban on SERCAZ2a in the IR+ARP-100
group. ARP-100 may be increasing the phosphorylation of phospholamban through an unidentified
cardioprotective mechanism. Previous studies have found reduced PLN levels associated with
decreased phospholamban mRNA.!!2 It is, therefore, possible that these previous findings were

due to decreased phospholamban mRNA expression at longer perfusion times (120 min) as

described above.
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4.3 SERCA2a activity following IR injury

To investigate if SERCA2a activity is impaired by MMP-2 following injury, I obtained
highly purified SR enriched microsomes from fresh (not flash froze) rat heart tissue obtained from
an additional series of identically perfused heart groups. Immunoblot using anti-SERCA2a
(EPR9393) on SR enriched microsomes from an aerobic heart confirmed enrichment of the SR
protein SERCA2a. SR enriched microsomes from the same aerobic heart also contained some
contamination from the mitochondria and the plasma membrane, as shown by the presence of
VDACI and Na/K* ATPase, respectively, which is expected and observed in other studies.!!!: 12
The SR enriched microsomes, however, did not contain any detectible cytosolic contamination as
indicated by the absence of GAPDH. As the purpose of isolating the SR enriched microsomes was
to measure SERCA2a activity, minor contamination from other membrane organelles is negligible

provided that SERCA2a activity could be accurately detected.

I then performed a coupled-enzyme ATPase assay, in the presence and absence of
thapsigargin, to determine SERCA2a activity in the SR enriched microsomes. Thapsigargin was
used in the assay as an inhibitor of SERCA2a because it is a specific inhibitor of SERCA
isoforms.'>! One SR enriched microsome preparation from an aerobic heart was tested at various
Ca?" concentrations (0.1-100 uM) in order to determine suitable Ca®" concentrations to be tested
in all samples. I found SERCA2a activity in the SR microsomes from the aerobic heart responded
to Ca®" in the range of 0.1-1 uM with the maximal SERCA2a activity occurring at 1 uM. Beyond
a Ca”’ concentration of 1 pM SERCA2a activity decreased. The response to Ca** we observed in
our SR enriched microsomes was in line with other cardiac SR preparations from isolated working
rat hearts.!>? It should be noted that there was some SERCA2a activity at zero Ca?" added,

suggesting some residual Ca®* contamination in the buffers used for the SR fractionation. I decided
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to test all SR microsome samples at both 0.25 uM and 1 uM Ca?" in order to examine SERCA2a

activity at its submaximal and maximal ATPase rate.

I found no changes in SERCA2a activity at the high Ca®" concentration (1 pM) between
the three groups, showing that IR did not affect SERCA2a maximal activity. This supports our
finding that there was no difference in SERCA2a levels between the groups as shown by our
immunoblot results on the ventricular extracts. This also suggests that the extent of SERCA2a
proteolysis (70 kDa band) I observed in ventricular extracts was not enough to change maximal
SERCA2a activity. SERCA2a activity at 0.25 uM Ca*", however, was decreased in both the IR
and IR+ARP-100 group compared with aerobic hearts, showing a decrease in Ca®" sensitivity
caused by IR. This phenomenon was MMP-independent as ARP-100 had no effect. These results
suggest that either post-translational modification of SERCA2a or alterations in its binding

partners may be occurring during IR injury.'%®

4.4 MMP-2 activity in ventricular extracts and SR following IR injury

This is the first study to detect MMP-2 activity in SR enriched microsomes. Intracellular
MMP-2 activity has been localized in numerous cell types,'>® including cardiomyocytes, where it
plays a central role in numerous injuries involving oxidative stress,” including cytokine-induced
heart failure!>* and IR injury.” MMP-2 was first localized to the sarcomere in the thin myofilament
fraction,'> and has since been localized to the micochondria,*' nucleus,* caveolae,*
cytoskeleton,'* and a specialized region of the SR called the mitochondria-associated membrane.*!
The mitochondria-associated membrane is a critical site of cross talk between the SR and the
mitochondria, and may therefore play an important role in cell death and survival during IR
injury.!%
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Both SR enriched microsomes and ventricular extracts have MMP-2, but not MMP-9,
signal by gelatin zymography. The absence of a MMP-9 signal in homogenates from isolated rat
hearts perfused free of blood is consistent with previous findings from our lab. MMP-9 was
previously detected in isolated adult rat cardiomyocytes using immunoblot.*’ However, in that
study, the MMP-9 signal did not line up with the positive control (human epithelial cell
conditioned media), bringing into question the identity of the bands detected. Other studies which
detect MMP-9 in adult rat hearts may be due to residual blood contamination, as MMP-9 is

156 and neutrophils.'>” When I was first testing the SR enriched microsome

abundant in platelets
isolation protocol, I used fresh hearts which were only perfused for 10 min in Langendorff mode
and they still contained some residual blood as noted by a distinct red tint of the homogenate. SR

enriched microsomes from these hearts had MMP-9 signal, suggesting that residual blood

components can significantly contribute to MMP-9 signal.

I observed no difference in total MMP-2 activity from SR enriched microsomes between
the groups of hearts. The band corresponding 72 kDa MMP-2 was much stronger than that for 64
kDa MMP-2 in both the ventricular extracts and the SR enriched microsomes. Both bands were
quantified together as the resolution of electrophoresis was not great enough for them to be
quantified separately. In the ventricular extracts, I detected a significant decrease in the total MMP-
2 activity between the IR and IR+ARP-100 groups. In the working heart, the drug is always present
in the recirculating buffer system and is therefore in the cardiac tissue when it was flash frozen
and homogenized. Residual ARP-100 in the ventricular extracts could decrease the apparent
activity of MMP-2. In isolated neonatal rat ventricular myocytes, residual ARP-100 in the lysates

was enough to significantly reduce MMP-2 activity without affecting its protein levels.'*®
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I detected no difference in total MMP-2 activity in the ventricular extracts between the
aerobic and IR groups. Previous studies have found a decrease in MMP-2 activity in heart
homogenates following IR injury by gelatin zymography, which is associated with an increase
release of MMP-2 into the perfusate. These studies were performed in a Langendorff system which
has many differences compared with working heart as discussed previously. One study has
measured MMP-2 activity by zymography in ventricular homogenates from isolated working rat
hearts,'> however, the authors did not perform the necessary statistical test in order to determine

if there was a significant difference in MMP-2 activity between the IR group and control group.

One of the objectives of this project was to determine if inhibition of MMPs with ARP-
100 was protective against ischemia-reperfusion injury. I found that ARP-100 is protective against
stunning injury, which is in line with over a decade of research from our lab and others
demonstrating cardioprotective effects of MMP inhibitors against IR injury.” > 7%:85 ARP-100 is
a competitive MMP inhibitor which is more selective for MMP-2 and MMP-9 over other MMPs.>%
ST At the dose used, ARP-100 may inhibit MMP-2, MMP-9 and MMP-3. As far as we are aware,
MMP-3 has not been localized inside of cardiac myocytes. As discussed above, MMP-9 is absent
in rat hearts perfused free of blood. As tested in this study, ARP-100 does not inhibit calpain-2
activity at concentrations up to 30 uM. Thus, the protective effect of ARP-100 in myocardial
stunning injury was most likely by inhibiting MMP-2 activity, which is also likely the MMP

responsible for SERCA?2a proteolysis.

4.5 MMP-dependent JPH-2 degradation fragment formed during IR injury

JPH-2 is a critical structural membrane protein in cardiac myocytes which tethers the SR

to the t-tubule allowing for proper calcium-induced calcium release.®® Recently, JPH-2 was shown
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to be proteolyzed during IR injury in isolated rat hearts.!?” 1?8 Proteolysis of JPH-2 was prevented
with the calpain inhibitor MDL-28170,'?” which also inhibits MMP-2. I identified JPH-2 as a
putative substrate of MMP-2 using CleavPredict online software.!*® Thirty putative cleavage sites
were identified (Table 3.2). The site with the highest probability had a cleavage site with P1 located
at S'%. This site is in a region with no predicted secondary structure and is in an area of JPH-2
which is predicted to be intrinsically disordered. Intrinsically disordered regions are more likely
to be proteolysed due to their inherent flexibility and ease of access for protease catalytic

domains.'%°

I measured JPH-2 levels in the ventricular extracts from the three groups of isolated hearts
in order to investigate JPH-2 as a target of MMP-2 during IR injury. I found no changes in the
levels of JPH-2 between the three groups of isolated working rat hearts. However, I found a lower
band at ~75 kDa increased in IR compared with aerobic. This increase was absent in the IR+ ARP-
100 group. This is the first study to describe a ~75 kDa fragment of JPH-2. Previous authors have
characterized a 75 kDa fragment of JPH-1 (the predominant skeletal muscle isoform).'?® It should
be noted that there are discrepancies between the theoretical molecular weight of JPH-2 (74 kDa)
and observed molecular weight by immunoblot (~90-100 kDa).'?”- 1! Analysis of JPH-1 (the main
isoform in skeletal muscle) from junctional SR isolated from rabbit fast-twitch muscle identified
JPH-1 at a charge to mass ratio of 90,000.'%* This suggests that the JPH proteins may be heavily
post translationally modified, however, the exact reason for the discrepancies in theoretical mass

and observed mass were not elucidated in that study.

We found that JPH-2 in a ventricular extract from an aerobic heart is susceptible to
proteolysis from added MMP-2. Furthermore, 15 min incubation of the ventricular extract at 37°C

resulted in the appearance of a 65 kDa JPH-2 degradation fragment which was accompanied by
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smaller molecular weight bands at 55 kDa at incubation times 30 min and longer. This strongly
suggests JPH-2 is targeted by a protease in the heart. Protease inhibitor cocktail was added to the
homogenates and contains inhibitors for both aspartate and cysteine proteases. Therefore, it is not

likely that clapain was responsible for this proteolysis as it is a cysteine protease.

4.7 Limitations

In this study I subjected isolated working rat hearts to global, no-flow ischemia followed
by reperfusion. This method is useful for studying the effects of interventions, such as drugs, on
cardiac contractile performance and substrate utilization. However, despite its several distinct
advantages, this method has many limitations. First, excision of the rat heart is invasive and can
result in injury and/or stunning to the heart if not performed in a timely manner. This can either
cause additional injury to the heart, or be protective against IR injury by causing
preconditioning.!!! Second, the isolated working rat heart lacks all external neuronal, hormonal
and humoral modulation which occurs in vivo, and which change as a result of ischemic injury to
the heart. Krebs-Henseleit solution is used as a nutrient and gas carrying buffer instead of blood.
As a direct consequence, the coronary flow is much higher in the isolated heart compared to in
vivo because crystalloid buffers have far less oxygen carrying capacity compared with blood. One
way to avoid this problem is to perfuse the hearts with blood from a donor animal, or with red
blood cell supplemented crystalloid buffers, however, this is highly impractical.!®® Lastly, global,
no-flow ischemia is a gross oversimplification of IR injury in the human patient. In patients with
acute coronary syndrome, a focal region of ischemia sets up variable extents of injury to the
myocardium, resulting in focal points of injury which could be reversibly or irreversibly injured.

The latter results in a region of infarcted tissue, a surrounding near infarct zone or border zone
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which may be salvageable upon reperfusion, and remote non-ischemic, non-infarcted tissue. We
have studied reversible stunning injury which occurs in some form in patients who have acute
coronary syndrome and have undergone percutaneous coronary intervention,'®* but is more

representative of cardioplegic arrest in patients undergoing coronary artery bypass graft surgery.

The animals used in this study were healthy young male rats. IR injury is lesser in the
female rat, which has largely been attributed to the effect of estrogen.'®> Healthy rats are not a
good reflection of the human population with acute coronary syndrome. In the INTERHEART
study, modifiable risk factors and comorbidities including diabetes, hypertension, obesity, and
smoking made up 90% of the population attributable risk across 52 countries.!%® Therefore, acute
coronary syndrome is largely preventable.’® The age of the rats in our study is unknown, however,
as they were 300-400g, they were likely around 10-15 weeks old.'®” Increased age is a major risk

factor for acute coronary syndrome, and was not addressed in this study.'®

We only measured MMP-2 activity via one method, gelatin zymography, which has several
limitations. Gelatin zymography separates MMP-2 from its endogenous inhibitors, the TIMPs.!¢’
Furthermore, the latent form of MMP-2 can be chemically activated during gelatin zymography,
ostensibly through the removal of C'* from the catalytic Zn**. Therefore, one does not get a true
picture of tissue (in situ) MMP-2 activity. MMP-2 stores are also released upon the first few
minutes of reperfusion in the heart.” Although the levels of MMP-2 may be decreased in IR, this
does not mean that the activity is decreased. Measuring true tissue gelatinolytic activity by in situ

zymography or detection of S-glutathiolated MMP-2 through co-immunoprecipitation or mass

spectrometry would both be better ways to measure MMP-2 activity.

A limitation of this study, and almost any study using an SR enriched microsomal

preparation, is the process of differential centrifugation separates subpopulations of SR. This
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results in the loss of the mitochondria-associated membrane, which pellets with the
mitochondria.!” As MMP-2 was localized specifically to the mitochondria-associated
membrane,*! it is in this region where I predict SERCA2a degradation is most likely to take place.
As the mitochondria-associated membrane is a centre of important cross talk between the SR and
the mitochondria,*® SERCA2a degradation and thus calcium overload in this region of the cell may
be critical in determining if the outcome of IR injury is reversible or irreversible, and investigation

of IR induced changes to SERCA2a levels and activity in this compartment is warranted.

Specificity of the SERCA2a 2A7-A1 epitope antibody in detection of the ~70 kDa band
could not be easily verified by peptide blocking assay as the epitope of this antibody has never
been mapped to the secondary structure of SERCA2a. Similarly, the JPH-2 fragment was not
verified by peptide binding assay as the JPH-2 antibody used for immunoblot was polyclonal. The
identity of these fragments should be verified by additional techniques such as

immunoprecipitation followed by mass spectrometry.

4.8 Future directions

This study provides evidence that SERCA2a and JPH-2 are substrates of MMP-2.
However, this study does not demonstrate that SERCA2a and JPH-2 interact or are individually
colocalized with MMP-2. Future studies looking at the colocalization of MMP-2 activity and levels
with SERCA2a and JPH-2 using a combination of in situ zymography and immunofluorescent
microscopy (performed by Rizzi et al.!”") would provide greater evidence of these two proteins as
substrates of MMP-2. In addition, co-immunoprecipitation experiments could be performed in

order to detect if these two proteins interact.
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In this study I found no changes in SERCA2a or JPH-2 protein levels between the groups,
possibly because the degree of injury in our model was not great enough. We did, however,
characterize several degradation products of SERCA2a and JPH-2 which appear in an MMP-
dependent manner. This study, therefore, warrants further investigation of MMP mediated
SERCAZ2a and JPH-2 proteolysis in in vivo studies of IR injury where the degree of injury is
greater. In vivo or ex vivo IR injury could be performed in transgenic mice with either cardiac
specific overexpression of either catalytically activity MMP-2 or MMP-2xtT1.76, both of which
show enhanced susceptibility to IR injury. Hearts from MMP-2 knockout mice (used in Ali MAM

et al.!®) could also be used to add further evidence of SERCA2a and JPH-2 as targets of MMP-2.

I found a decrease in SERCA2a activity at a midpoint Ca*" level in IR hearts which was
not prevented with ARP-100, however, I was unable to identify the exact cause of SERCA2a
dysfunction. As both levels and maximal activity of SERCA2a were unchanged, mass proteolysis
can be ruled out for causing SERCA2a dysfunction. Future studies should look at additional
binding partners of SERCAZ2a such as HAX-1. HAX-1 knockout was associated with increased
SERCA2a oxidation and dysfunction,'®® and may be a target of MMP-2 mediated proteolysis to

measure in the future.

4.7 Conclusions

This is the first study to identify substrates of MMP-2 in the SR, namely SERCAZ2a and
JPH-2. Both of these proteins are critical for excitation-contraction coupling and coordinated
calcium cycling. This is also the first study to detect MMP-2 activity in SR enriched microsomes.
Pharmacological inhibition of MMPs is able to improve cardiac contractile function following IR

injury. This study adds to the repertoire of intracellular MMP-2 substrates and increases our
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understanding of the role of MMP-2 in ischemic heart disease. Inhibition of MMPs, particularly
MMP-2, during ischemic heart disease may be a viable option for mitigating ischemia—reperfusion

injury in patients with ischemic heart disease.
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Appendix

Western blotting

6x SDS PAGE loading buffer: 10 mL 0.5 M Tris in deionized water, pH 6.8, 10% (w/v) SDS,

30% (v/v) glycerol, 0.6 M DTT, and 0.012% (w/v) bromophenol blue.

Towbin buffer: 20% (v/v) methanol, 25 mM Tris, 192 mM glycine, and 0.005% (w/v) SDS.

TBS-T: 0.01 M Tris, pH 7.6, 0.1% (v/v) Tween, 0.1 M NacCl.

Gelatin zymography

Zymography loading buffer: 0.5 M Tris, pH 6.8, 30% (v/v) glycerol, 10% (w/v) SDS, and

0.012 % (w/v) bromophenol blue.

Zymography incubation buffer: 50 mM Tris, pH 7.6, 150 mM NacCl, 5 mM CaCl,, and 0.05%

(w/v) NaN3s.

Coomassie zymography staining solution: 0.05% (w/v) Coomassie Brilliant Blue G-250, 25%

(v/v) methanol, 10% (v/v) acetic acid.

SDS-PAGE Gels

Tris-glycine SDS-PAGE 8% separating gel

This recipe makes two gels (1.5 mm thick).

40% (w/v) acrylamide / 3.3% (w/v) bis-acrylamide 29:1 3.000
0.5 M Tris/ 0.4% (w/v) SDS, pH 6.8 3.750

H>O 8.250

10% (w/v) ammonium persulfate 0.050
Tetramethylethylenediamine (TEMED) 0.010
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Tris-tricine SDS-PAGE 16% separating gel

This recipe makes one gel (1.5 mm thick).

46.5% (w/v) acrylamide / 3% (w/v) bis-acrylamide 3.300
3 M Tris / 3% (w/v) SDS, pH 8.45 3.750
glycerol 1.000

H>O 2.400

10% (w/v) ammonium persulfate 0.033
TEMED 0.004

Tris-tricine SDS-PAGE 10% spacing layer
This recipe makes a spacing layer for one gel (1.5 mm thick).

Solution

Volume (mL)

48% (w/v) acrylamide / 1.5% (w/v) bis-acrylamide 1.000
3 M Tris / 3% (w/v) SDS, pH 8.45 1.650

H>O 2.350

10% (w/v) ammonium persulfate 0.025
TEMED 0.003

Tris-tricine SDS-PAGE 4% stacking layer

This recipe makes a stacking layer for one gel (1.5 mm thick).

48% (w/v) acrylamide / 1.5% (w/v) bis-acrylamide 0.330
3 M Tris / 3% (w/v) SDS, pH 8.45 1.000

H>O 2.670

10% (w/v) ammonium persulfate 0.030
TEMED 0.003

Gelatin zymography 8% separating gel

This recipe makes separating layers for four gels (0.75 mm thick).

40% (w/v) acrylamide / 3.3% (w/v) bis-acrylamide 29:1 3.000
0.5 M Tris/ 0.4% (w/v) SDS, pH 6.8 3.750

gelatin (20 mg/mL) 1.500

H,O 6.750

10% (w/v) ammonium persulfate 0.050

TEMED 0.010
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