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CHAPTER 1: INTRODUCTION

1.1 Cardiovascular diseases and reactive oxygen species

Cardiovascular diseases (CVDs) are the number one cause of death in the United
States and account for one in every three deaths.! It is estimated that more than 80
million adults have one or more types of CVD.? CVDs can be classified mainly into three
categories: coronary heart disease, peripheral vascular disease, and cerebrovascular
disease, where the blood supply to the heart, peripheral vasculature, and the brain is
compromised.* Atherosclerosis, which is the narrowing down of arteries by plaque
formation in the arterial walls, is the common cause for these classifications.
Atherosclerosis limits the delivery of oxygen and nutrient-rich blood to the tissues.> ® A
major concern with atherosclerotic plaque is its propensity to rupture, which gives rise to
blood clots that have the ability to clog blood vessels away from the initial site of the
plaque.* Ultimately, atherosclerosis can lead to acute phenomena, such as heart failure,
stroke, and myocardial infarction (MI).”-8

Oxidative stress is a major contributor to the development of atherosclerosis.?
Important targets in oxidative stress are thiol groups in proteins, unsaturated fatty acids
in membranes, and nucleic acids.>** Under physiological conditions, fluctuations in
reactive oxygen species (ROS) concentrations are controlled by enzymatic and non-
enzymatic antioxidant systems.> Pathological conditions such as hypertension, diabetes,
obesity, and respiratory failure induce the synthesis and activity of pro-oxidant enzymes,

such as nicotinamide adenine dinucleotide phosphate (NADPH) oxidases (NOX), xanthine



oxidase (XO), and myeloperoxidase (MPO).* 1014 15 Systained production of pro-oxidant
enzymes increases the production of pro-oxidants in the form of ROS. Oxidative stress
arises when ROS production exceeds the antioxidants’ capacity to scavenge excessively
produced ROS, impairing cellular structure and functions leading to diseases.”> 16 17
Therefore, for the development of potential treatments for diseases such as CVD, it is
important to identify and study proteins involved in redox signaling and oxidant
defense.’®
1.2 Reactive oxygen species and redox homeostasis

ROS are low molecular weight, short-lived, and highly reactive molecules
generated as byproducts of cellular metabolism or catalytic reactions due to the partial
reduction of molecular oxygen (02).'% 1° They consist of radical and non-radical species
such as hydrogen peroxide (H20;), superoxide anion (02*), hypochlorous acid (HOCI),
hydroxyl radical ("OH), and peroxynitrite (ONOO") (Figure 1.1).% 1% 1922 ynder normal
physiological conditions, there is a balance between the production and removal of ROS,
known as redox homeostasis (Figure 1.1). Balanced production of ROS is important in two
ways: 1) as a regulatory mechanism in different cellular functions such as cell signaling,
cell proliferation, cell migration, tissue repair, and wound healing, and 2) as a defense
mechanism against malignant cells and invading pathogens.'” 2% 23-26 |n contrast, under
pathological conditions, increased concentrations of ROS can cause deleterious
consequences such as apoptosis, carcinogenesis, and mitochondrial dysfunction.?” In the

presence of elevated levels of ROS, cells undergo oxidative stress by overwhelming the



inherent antioxidant defense system of the cells, damaging cellular macromolecules such

as proteins, DNA, and lipids (Figure 1.1).11,13,16,27-29

Anti-

oxidants

A

[ Redox Homeostasis ] [ Oxidative Stress ]
Reactive Oxygen Species (ROS) Antioxidant Defense
Radicals Non-Radicals Antioxidant Enzymes Antioxidants
0," Superoxide H,0, Hydrogen Peroxide GPx Glutathione Peroxidase GSH Glutathione
*OH Hydroxyl radical ONOO" Peroxynitrite SOD Superoxide Dismutase Ascorbic Acid
HOCI Hypochlorous acid Catalase

Figure 1.1 - Redox homeostasis and oxidative stress. Redox homeostasis is the balance
between the generation and removal of ROS. Increased concentrations of ROS cause
oxidative stress by overwhelming the antioxidant defense system.

1.3 Sources of ROS
In human tissues, the primary sources of ROS production are the mitochondrial
electron transport chain, xanthine oxidase, NADPH oxidase, uncoupled nitric oxide

synthase (NOS), and arachidonic acid (Figure 1.2).17 19,21, 26, 29,30
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Figure 1.2 — Sources of ROS. Mitochondrial respiratory chain, uncoupled NOS, xanthine
oxidase, arachidonic acid, and NADPH oxidase are the major sources of ROS that generate
0,°". This figure adapted from Kayama et al. 2015 a free access article.*®

> H,0,

1.3.1 Mitochondria

Mitochondria are membrane-bound organelles found in most eukaryotic cells.
These organelles are essential for a number of fundamental cellular processes, including
respiration and energy production, fatty acid beta-oxidation, and regulation of
intracellular calcium overload.3! Mitochondria produce the majority of the adenosine
triphosphate (ATP) required for cellular functions by oxidative phosphorylation. The
tricarboxylic acid/citric acid (TCA) cycle and oxidative phosphorylation are the major
metabolic pathways in the mitochondria. The electron transport chain (ETC) shuttles

electron carriers produced by TCA cycle, such as nicotinamide adenine dinucleotide



hydrate (NADH) and flavin adenine dinucleotide (FADH;) to 02.3? The ETC composed of
four protein complexes, named complexes | — IV. Electron transfer is initiated by the
delivery of electrons from the TCA cycle to complexes | and Il. These electrons are
delivered to the Coenzyme Q (CoQ) pool and then passed to cytochrome c through
complex lll. Finally, these electrons reduce O; to water at complex IV. Under physiological
conditions, oxidative phosphorylation converts 1-5% of all O, being consumed to 0", an
ROS.»®

While electrons are passing through the ETC, they can escape and reduce O;to
generate 0", which is then converted to the less reactive H,0, (another ROS) by the
mitochondrial, manganese dependent superoxide dismutase (Mn-SOD) (Figure 1.2).23 3%
33,34 Hydrogen peroxide produced by Mn-SOD can also be converted to OH through the
Fenton reaction. The main complexes involved in mitochondrial ROS production are
complexes | and 111.2> 3% 35 Superoxide radicals produced at complexes | and Ill, is released
into the mitochondrial matrix where they can damage mitochondrial DNA. ROS generated
by complex Il can also be released into the intermembrane space, where they can access
the cytosol.3%35
1.3.2 NADPH oxidase

NADPH oxidase is primarily identified as a ROS generating enzyme in phagocytes
such as neutrophils, macrophages, and monocytes, which play an important role in the
host defense mechanism against infectious agents.* 1% 363 NADPH oxidase is a

membrane-bound, multi-molecular enzyme that consisting cytosolic and plasma



membrane-spanning components. This enzyme complex is composed of three including
regulatory subunits (p47phox, p67phox, and racl) and three electron transfer subunits
(gp91phox, nox1 or nox4).1% *° During a microbial invasion, NADPH oxidase is activated by
translocating its cytosolic components to the plasma membrane to form an active NADPH
complex that and allows the generation of O»* by transferring electrons to O (Figure 1.2,
Scheme 1.1).1°
NADPH + 20, — NADP + 205~ + H*

Scheme 1.1 — Production of O, by NADPH

Even though NADPH oxidase is primarily known for its role in that generates ROS
in phagocytes, it has also been identified for its ROS production in atherosclerotic vascular
smooth muscle cells (VSMC) and other cardiovascular cells, including cardiomyocytes,
adventitial fibroblasts, and vascular endothelial cells.1® 22

The NOX enzyme family has seven members [NOX1-5 and dual oxidase (DUOX1-
2)].1> 38 NOX2 and NOX4 are the identified as major myocardial isoforms, where NOX2 is
localized to the cell membrane, and NOX4 is localized to the intracellular organelles
around the nucleus. NOX4 also has a mitochondrial localization signal and is
predominantly expressed in mitochondria of cardiac muscle. Their physiological and
pathological properties depend on their intracellular localization.®®
1.3.3 Xanthine oxidase

Xanthine oxidoreductase (XO) can exist in two isoforms: xanthine oxidase (XO) and

xanthine dehydrogenase (XDH). They primarily differ depending on their substrate



specificity.?® 38 XO reacts with O,, whereas XDH uses NAD* as its substrate.® XO catalyzes
the oxidation of xanthine and hypoxanthine to uric acid using O, as the electron receptor,
producing O2°" and H,0; in the cytoplasm (Figure 1.2, Scheme 1.2).% 19,3839
Hypoxantine + O, — Xanthine + 05~
Xanthine + O, + H,0 - Uric Acid + H,0,

Scheme 1.2 — Production of ROS by xanthine oxidase

Antioxidants present in the cytoplasm [Cu, Zn-SOD and GPx (glutathione
peroxidase)] readily eliminate the ROS produced by this reaction. However, under an
ischemic/reperfusion state, hypoxanthine reacts acutely with O, producing a large
amount of 02° and H,0,, causing cellular damage.*®
1.3.4 Uncoupled nitric oxide synthase

Nitric oxide synthase (NOS) is the major source of endogenous nitric oxide (NO)
and can exist in three isoforms: endothelial NOS (eNOS), neuronal NOS (nNQOS), and
inducible NOS (iNOS). Endothelial NOS catalyzes the flavin-mediated electron transport
from NADPH to a prosthetic heme group.? %0 For the formation of NO, eNOS requires a
cofactor, tetrahydrobiopterin (BH-4) bound near the heme group to transfer electrons to
the guanidino nitrogen of L-arginine. Deficiency of BH-4 or L-arginine leads to the

production of 0,* and H,0, by eNOS (Figure 1.2).2



1.4 ROS detoxification by antioxidants

The production of ROS is regulated by antioxidant enzymes such as glutathione
peroxidase (GPx), superoxide dismutase (SOD) (Figure 1.3), and catalase or by
antioxidants such as glutathione (GSH) and vitamin C (ascorbic acid).'* 23 4! The balance
between cellular ROS production and detoxification is crucial to maintain cellular

functions.

Haber-Weiss Reaction
+ 0, + OH"
Fenton

SOD Reaction + Fe3* + OH"
Ca;a'a/ GSSG NADP*
GPx >GR <

H,0 + 11,0, 2 GSH NADPH + H*

Y

2 H,0
Figure 1.3 — Generation and elimination of ROS. Fenton and Haber-Weiss reactions
generate ROS. SOD, catalase, and GPx are the major antioxidants that regulate the
production of ROS.

1.4.1 Superoxide dismutase

Superoxide dismutase (SOD) is an antioxidant that catalyzes the dismutation of
highly reactive O," to less reactive H,0, and O (Figure 1.3)*?In humans, the SOD family
consists of three isoforms: cytosolic SOD (Cu/Zn-SOD/ SOD1), mitochondrial SOD (Mn-

SOD/ SOD2), and extracellular SOD (EC-SOD/ SOD3).23 42



1.4.2 Glutathione peroxidase

Glutathione peroxidase (GPx) is an antioxidant enzyme that utilizes glutathione to
scavenge H>0> and lipid peroxides.*? Glutathione peroxidase family consist of eight
isoforms (GPx1-8) that belong to three groups: GPx1/GPx2, GPx3/GPx5/GPx6, and
GPx4/GPx7/GPx8.2> 42 Members of GPx family enzymes have their antioxidative function
at different cellular compartments. GPx1 is in mitochondria and the cytosol; GPx2 is
present in the nucleus and the cytosol; GPx3 is in plasma; GPx4 is associated with the
membrane; and GPx7/GPx8 is in the endoplasmic reticulum (ER). 2342
1.4.3 Catalase

Catalase is an antioxidant enzyme mainly localized in peroxisomes. The active site
of catalase has an iron-bound heme group that converts H,O, to water (H;0) and O3
(Figure 1.3).23 42
1.4.4 Glutathione (GSH)

GSH is the most abundant low molecular weight thiol present in mammalian and
plant cells (1-10 mM).#>%4 This high intracellular level of GSH is maintained by two factors,
GSH synthesis, and NADPH-dependent reduction of GSSG by glutathione reductase
(GR).%% %4 GSH acts as a redox buffer that plays an important role in antioxidant defense,
synthesizing cellular signaling molecules and removing toxins and xenobiotics.'® 4> GPx
utilizes GSH to reduce ROS. During the reaction, GSH is oxidized to GSSG.*? Under normal
physiological conditions, the ratio of GSH:GSSG is 50:1. This ratio reflects the reducing

state inside the cell.
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1.5 Oxidative cysteine modifications

Cysteine is the second least abundant amino acid of the 20 amino acids, with a
natural abundance of 2.3% in the mammalian proteome. Protein cysteine residues are
the most susceptible to ROS-induced reversible or irreversible post-translational
modifications (PTMs) due to their high nucleophilicity and redox sensitivity.2% 4647 Protein
cysteines are important in signal transduction, maintaining redox homeostasis, structural
stabilization, and enzyme catalysis.?® 4’ Due to its relatively high pKa value (around 8.4),
the cysteine sulfhydryl group remains largely protonated at physiological pH values in the
cytoplasm. However, in many redox-sensitive proteins, its pK, value of cysteines can be
low as 3.5 due to electrostatic interactions or hydrogen bonding with neighboring amino
acids. These deprotonated cysteine residues are more vulnerable to oxidation.?62% 47 |n
the presence of ROS, these active site cysteines can undergo reversible and irreversible
oxidative events.

Cysteine can initially be oxidized to form sulfenic acid (R-SOH), which is a
reversible oxidative modification. Sulfenic acid can further be oxidized to the sulfinic acid
(R-SO2H) and sulfonic acid (R-SOsH), which are irreversible PTMs (Figure 1.4) that can
cause permanent changes to the protein structure function leading to different
pathological conditions.?% 2% 4852 Sylfenic acid can also undergo other reversible
modifications such as intermolecular or intramolecular disulfide bond formation (PS-SP’),

glutathionylation (PSSG), S-palmitoylation and S-nirtosylation (PS-NO) (Figure 1.4).47-48 51,
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>3 Endogenous nitric oxide reacts with free cysteines resulting in nitrosylation, which is a

key event in signal transduction.?”- 48 51,53

CoAlation Disulfide Nitrosylation
SH — S SH — S-S SH— s
CoAS | H,0, NO |
SCoA NO
Oxidation

Glutathionylation I | | |

SH —» SOH —» SO,H— SO.H

000000000 e R

SH — ? Persulfidation Nitration
S
2N ccoccosocliesocseces
SH — S Tyr — Tyr
s | ONOO
SH 0,

Figure 1.4 — Oxidative cysteine modifications. Cysteine can undergo reversible and
irreversible modifications to form different oxo-forms such as CoAlation, disulfide
formation, nitrosylation, glutathionylation, oxidation, persulfidation, and nitration. This
figure was adapted from Harris et al. 2020, with permission from the copyrights clearance
center.”*

Glutathionylation is the formation of a disulfide bond between a protein cysteine
and glutathione, and this modification is important in modulating protein activity.*’
Modifying a cysteine with the fatty acid palmitate results in S-palmitoylation which is
crucial in protein trafficking and subcellular localization. Finally, disulfide bond formation

is essential for regulating protein function and maintaining the tertiary structure of
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proteins (Figure 1.4).%’ These reversible modifications are crucial for cellular signaling and
preventing proteins from undergoing irreversible modifications.
1.6 Protein S-glutathionylation

Glutathionylation is the formation of a mixed disulfide bond between a protein
cysteine and the cysteine in glutathione. Because glutathionylation is reversible, it can
protect proteins from irreversible oxidative modifications, allowing recovery of protein
function when the normal redox status of the cell is recovered.?® >> > Glutathionylation
serves as a regulatory mechanism in redox signaling by modifying specific cysteine
residues in proteins. Many proteins involved in important cellular events such as cell
signaling, proliferation, migration, and apoptosis are regulated by glutathionylation.>’
Examples include signaling proteins such as protein kinases A and C (PKA/PKC), ion
channel, and calcium-dependent proteins such as apoptotic death receptor protein Fas
(CD95) and sarcomeric/ endoplasmic reticulum calcium ATPase (SERCA), transcription
factors NF-kB and c-Jun, and enzymes containing active site cysteines such as caspase-3
and glyceraldehyde 3-phosphate dehydrogenase (GAPDH).>%3 Since glutathionylation is
transient in physiology, an increase in glutathionylation is associated with various
diseases like cardiovascular diseases, cancer, and other neurodegenerative diseases
causing disturbances in normal redox signaling pathways.'® >7- 61 84 Hence, investigation
of glutathionylation and other oxidative modifications is an important area of research.

Glutathionylation is a non-enzymatic reaction that occurs in the cells in response

to elevated levels of ROS. Glutathionylation can occur in two ways: 1) direct interaction
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between a sulfhydryl and GSH, and 2) thiol/disulfide exchange reactions between protein
cysteine and PSSG or GSSG.?® Removal of protein glutathionylation, also known as
deglutathionylation, is a reaction catalyzed by glutaredoxin (GRx) and glutathione
transferase omega (GSTO) enzymes.8 43 6566 GRx catalyzes deglutathionylation through
two different mechanisms; the monothiol and the dithiol mechanisms (Figure 1.5). In the
monothiol mechanism, first, the thiolate anion of GRx attacks a glutathionylated protein
to release the reduced protein with its free thiol. Then, the resulting GRx enzyme
intermediate is regenerated by oxidizing free glutathione, which is then reduced by
glutathione reductase (GR) using NADPH. In the dithiol mechanism, GRx uses both active
site cysteines to reduce the glutathionylated protein. Reduction of the GRx intermediate
requires two free glutathiones to regenerate the enzyme.®” Two mammalian GRxs have
been characterized so far: GRx1 and GRx2. GRx1 is found mainly in the cytosol, and GRx2
is mostly found in mitochondria and nucleus.®® Deglutathionylation also occurs
spontaneously without enzyme catalysis due to the reductive cellular environment and

high GSH concentration in some cells, but at a lower rate.*®
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A Monothiol Mechanism

NADPH

GSSG
GR
S-SG
NADP*
Dithiol Mechanism
GSSG NADPH
2 GSH NADP*

Figure 1.5 — Deglutathionylation by glutaredoxin. Deglutathionylation can be catalyzed by
GRx in two different ways A) a monothiol mechanism and B) a dithiol mechanism.
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Glutathione (GSH) is the most abundant low molecular weight thiol in animal cells
(0.5-10 mmol/L).%* %870 GSH is localized mainly in the cytosol (up to 90%) and is present
in mitochondria (10%), and in the nucleus and endoplasmic reticulum in small
percentages.”” 72 GSH biosynthesis is a two-step process catalyzed by two cytosolic
enzymes: y-glutamyl cysteine synthetase (GCS), also known as y-glutamylcysteine ligase

(GCL), and glutathione synthetase (GS) (Figure 1.6).737>
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Figure 1.6 — Glutathione biosynthesis. The biosynthesis of glutathione involves two
cytosolic enzymes GCL and GS.

GCS catalyzes the formation of y -peptide linkage between the y-carboxyl group
of glutamate and amino group of cysteine to form y-glutamyl-cysteine dipeptide. GS
catalyzes the formation of the peptide linkage between y-glutamyl-cysteine and glycine,
forming the tripeptide GSH. In the biosynthesis of GSH, GCS undergoes feedback
inhibition by glutathione, making it the rate-limiting enzyme.%% 73,76
1.7 Significance of protein S-glutathionylation in human diseases

Proteins undergoing S-glutathionylation have been studied as possible biomarkers
of oxidative stress in response to various diseases. The fluctuation in the level of
glutathionylation in response to a pathophysiological condition can indicate the evolution
of a disease.?’ Proteins involved in different disease conditions such as CVD, chronic renal
failure, cancer, neurodegenerative diseases, and diabetes mellitus undergo
glutathionylation.!® 24 27

Mitochondrial complex Il is the key enzyme that connects the TCA cycle to the
ETC. Mitochondrial complex Il is catalyzes the oxidation of succinate to fumarate in the
mitochondrial matrix. Reduction of ubiquinone in the mitochondrial inner membrane is

coupled with the oxidation of succinate as part of electron transport. This electron
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transport from succinate to ubiquinone is mediated by succinate ubiquinone reductase
(SQR). SQR has a 70 kDa FAD binding subunit (SQR-70kDa), known to be important in
antioxidant defense and redox signaling. Glutathionylation of C90 of this SQR-70kDa
occurs under physiological conditions. In post-ischemic myocardia, C90 is partially or
completely de-glutathionylated, and the electron transfer activity (ETA) of SQR decreases
significantly. This C90 deglutathionylation decreases electron leakage to O, and increases
electron transfer efficiency to combat oxidative injury during ischemia/reperfusion.”’

Na,K-ATPase, an enzyme found in the animal cell membrane, transports Na* and
K* across plasma membrane using ATP energy to mediate transmembrane ion gradients
for the active transportation of metabolic substrates and ions. During hypoxia, several
cysteine sites in Na,K-ATPase undergo glutathionylation, leading to the partial or
complete inhibition of this enzyme.”® This process rescues ATP for cell survival during
hypoxia.”® &

Cancer is a disease caused by uncontrollable cell growth due to rapid proliferation
and inhibition of apoptosis. Apoptosis is executed by a member of the cysteine protease
family of enzymes known as caspases. Cancer cells have a high ROS level and exert high
oxidative stress due to metabolic, genetic associated, and mitochondrial dysfunctions.
They use metabolic pathways to increase antioxidant molecules such as GSH and NADPH
as a response to high oxidative stress. Caspase activity in cancer cells is inhibited by the
glutathionylation of caspase-3 at two cysteine sites (C145 and C45), inhibiting apoptosis.

Compared to wild-type caspase-3, cysteine to serine mutants increase apoptotic ability.
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Identification of glutathionylation sites of caspases such as caspase-3 that promote cancer
cell survival may be important for developing novel anticancer drugs.®’
1.8 Approaches to identify and quantify protein glutathionylation

Identification and quantification of proteins undergoing glutathionylation with
their specific cysteine sites are essential to understand the relevance of protein
glutathionylation in physiological and pathological processes. So far, there are a limited
number of approaches available to identify and quantify protein glutathionylation.
1.8.1 Radiolabeled cysteine

One early established method to identify glutathionylated proteins uses
metabolically labeled GSH with radiolabeled cysteine (S3°). After the induction of
glutathionylation by the addition of H,O; or diamide, proteins are separated on SDS-
PAGE. Glutathionylated proteins can then be detected using autoradiography or
phosphor imaging. This method allowed the identification of several glutathionylated
proteins such as GAPDH, protein kinase C-a, thioredoxin (TRx), cyclophilin A, and pax-8.°%
81 This method is lacks sensitivity and not specific to differentiate individual
glutathionylated sites in the same protein.>®
1.8.2 Moaodified biotin tags

To overcome the limitations on sensitivity, new mass spectrometry-based
methods to identify glutathionylated proteins have been developed. Most methods use
modified biotin tags (N-ethylmaleimide-biotin tag/biotinylated glutathione tag) to label

glutathionylated proteins. Biotinylated glutathione tags like biotinylated glutathione ethyl



18

ester (BioGEE) and biotinylated glutathione are being used for the direct identification of
glutathionylation.>® 8182 NEM-biotin identifies glutathionylated proteins indirectly. First,
glutathionylation is induced by ROS. Next, cells are lysed in the presence of an irreversible
blocking reagent to modify unreacted cysteines. Then glutathionylated sites are reduced
selectively using a reducing agent [dithiothreitol (DTT), tris(2-carboxyethyl) phosphine
(TCEP), or mutant GRx], and proteins are alkylated with modified biotin tag NEM-biotin].
Biotinylated proteins are enriched with streptavidin beads and analyzed by LC-MS/MS

(Figure 1.7).°58 81

A csse 0 o) SHH 0
/\SH _— /\S'SG + GSH HO N N \)LOH
-7 - : H
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GSH
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(o] 0 H 0 H 0
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1. NEM-Biotin
2. Enrichment

Figure 1.7 — Ildentification of protein glutathionylation using modified biotin tags. A)
Protein glutathionylation under stress. B) Modified biotin tags BioGSH and BioGEE. C)
Scheme for the identification of glutathionylation using modified biotin tags. Figure was
adapted from Couvertier et al. 2014 with permission from the copyrights clearance
center.>?
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1.8.3 Tandem mass tagging (TMT)

Another indirect method to identify glutathionylated proteins uses tandem mass
tagging (TMT). Cells induced by ROS are lysed in the presence of an irreversible blocking
reagent to modify unreacted cysteines. Then glutathionylated sites are selectively
reduced using a cocktail of reducing agents (Grx, GR, GSH, and NADPH), and unmodified
cysteines are labeled with iodoacetyl tandem mass tag (lodo-TMT). Proteins are digested

using trypsin, enriched with TMT antibody resin, and analyzed using LC-MS/MS.83
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Figure 1.8 — Schematic diagram of the lodo-TMT labeling to identify protein
glutathionylation. This figure was adapted from Li et al. 2020, a free access article.®3
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These indirect approaches, which that use reducing agents such as Grx, DTT, or
TCEP may cause the removal of reversible cysteine modifications other than
glutathionylation. Therefore, it is uncertain that these methods can be used to effectively
identify glutathionylation.8* To overcome these limitations, our lab has developed a
chemoproteomic method to detect protein glutathionylation, using click chemistry.
1.9 Clickable glutathione approach to detect protein glutathionylation

Previously, our lab developed a method to detect protein glutathionylation in cells
by synthesizing clickable-glutathione (azido-glutathione, N3-GSH) using a glutathione
synthetase mutant (GS M4) in the presence of azido-alanine (azido-Ala). The active site of
GS was engineered to incorporate an alkyne or azide-containing amino acid derivative in
place of the glycine in GSH. Clickable GSH generated by the mutated GS was used to label
proteins undergoing glutathionylation upon stress. The azide group of clickable
glutathione can be utilized to detect glutathionylated proteins after the subsequent bio-
orthogonal click reaction with biotin or a fluorophore alkyne (Figure 1.9).8>%” This
clickable glutathione approach successfully detected proteins undergoing
glutathionylation at a global level in response to H,0,, glucose metabolism, and
mitochondrial dysfunction. Our lab utilized this method for proteomic identification of

glutathionylated proteins in HEK293 cells.?’
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Figure 1.9 — Scheme for the clickable glutathione approach to detect protein
glutathionylation. This figure was adapted from Samarasinghe et al. 2014 with permission
from the copyrights clearance center.®

1.10 Proteomic identification of protein glutathionylation in cardiomyocytes

We have improved the clickable glutathione approach to detect protein
glutathionylation and developed a mass spectrometry-based strategy to identify proteins
undergoing glutathionylation with their specific cysteine sites in the HL-1 mouse
cardiomyocyte cell line. This cell line retains differentiated cardiac morphology and an
ability to contract. It is derived from AT-1 mouse atrial cardiomyocyte tumor cells.®® This
cell line maintains a gene expression profile similar to atrial cardiomyocytes, therefore it
is suitable to detect cardiac protein glutathionylation.® Glutathionylated cysteines with
clickable glutathione were subjected to click reaction with biotin-DADPS
(dialkoxydiphenylsilane)-alkyne. Modified proteins were enriched with streptavidin
agarose beads, and digested with trypsin/LysC to isolate modified peptides. Peptides
were cleaved from the beads using acid, and samples were subjected to LC-MS/MS

analysis (Figure 1.10).%° Over 1700 glutathionylated sites were identified, and
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bioinformatic analysis suggested possible biological processes affected by
glutathionylation, including protein folding, metabolism, and translation. Further STRING
and cluster analysis identified 125 cardiomyopathy-associated proteins undergoing
glutathionylation.®® This approach was successful in identifying proteins undergoing
glutathionylation with their specific cysteine residues, but the percentage of each

cysteine undergoing glutathionylation is still to be determined.
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Figure 1.10 — Scheme for the clickable glutathione approach to identify glutathionylated
cysteines. This figure was adapted from VanHecke et al. 2019 with permission from the
copyrights clearance center.??
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1.11 Current dissertation work

Elevated intracellular levels of ROS are associated with the induction of oxidative
stress. Under low to moderate concentrations, ROS can act as signaling molecules to
maintain cardiovascular function. However, increased levels of ROS participate in the
development of CVDs by modifying proteins reversibly or irreversibly. Especially, cysteine
residues in these proteins can undergo oxidative post-translational modifications, causing
structural and functional modifications. One such modification is protein
glutathionylation. Glutathionylation is the formation of a disulfide bond between a
protein cysteine and glutathione. It is an important regulatory reversible thiol oxidation.
Identification and quantification of glutathionylated proteins is important for
understanding the molecular mechanisms behind the initiation and progression of many
diseases. However, there are few methods to identify and quantify protein
glutathionylation at specific cysteine residues. Our lab previously developed a click
chemistry-based method to detect and identify glutathionylation in cells by synthesizing
clickable-glutathione using a glutathione synthetase mutant (GS M4) in the presence of
azido-alanine (azido-Ala).

Chapter 2 discusses our recently established mass spectrometry-based strategy
for the identification and quantification of glutathionylation. Two azido-Ala derivatives
with a 4 Da isotopic mass difference were used for the metabolic synthesis of isotopically
labelled clickable glutathione for the identification and quantification of glutathionylated

proteins. We applied this isotopically labeled clickable glutathione approach on HL-1
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cardiomyocyte cells to identify and quantify over 1300 glutathionylated peptides upon
the addition of H,0,.

Chapter 3 discusses the application of the clickable glutathione approach to detect
protein glutathionylation under different ischemic stress conditions in the HL-1 mouse
cardiomyocyte cell line. In addition, we have identified and relatively quantified 248
glutathionylated proteins under ischemic reperfusion (I/R) condition by applying an
isotopically labeled clickable glutathione approach. From the bioinformatic analysis of the
identified 248 proteins, we found 18 glutathionylated cysteine residues whose genetic
modifications are known and associated with muscular disorders.

Chapter 4 will discuss our new approach for the quantification of glutathionylated
cysteines compared to unmodified cysteines. We have designed and synthesized a
cysteine blocking clickable glutathione reagent that mimics isotopically labeled light azido
glutathione. Upon induction of glutathionylation with isotopically labeled heavy azido
glutathione, this reagent can block unmodified cysteines, which enable quantification of
glutathionylation. We have applied this approach on the C2C12 mouse skeletal muscle
cell line and identified 1518 glutathionylated peptides upon the addition of H,O..

Chapter 5 discusses the functional studies of the sarcomeric protein desmin. From
our previous proteomic analysis, we have identified and confirmed that desmin
undergoes glutathionylation. Desmin is a major intermediate filament protein that is
important in maintaining the structural and mechanical integrity of the sarcomere. We

observed that desmin loses its myofibril integrity under ischemic stress conditions. We
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have used WT and mutant desmin to investigate the effect of glutathionylation on this
observation. Our data reveal that glutathionylation of desmin C332 may lead to a loss of

its myofibril integrity.
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CHAPTER 2: ISOTOPICALLY LABELED CLICKABLE GLUTATHIONE TO QUANTIFY PROTEIN
S-GLUTATHIONYLATION

(The work of this chapteris adapted from VanHecke, G. C.; Yapa Abeywardana, M.; Huang,

B.; Ahn, Y. H., Isotopically Labeled Clickable Glutathione to Quantify Protein S-

Glutathionylation. Chembiochem 2020, 21 (6), 853-859)

2.1 Introduction

Reactive oxygen species, such as H.0;, have been studied extensively for their
function as physiological regulators of intracellular signaling pathways.?* However, the
overproduction of ROS is associated with different diseases such as cardiovascular
diseases.”® °1 The effects of ROS can be modulated through oxidative modifications of
different amino acids. Among the twenty encoded amino acids, cysteine is uniquely
susceptible to oxidative modifications in the presence of oxidative stress. Cysteine can be
oxidized to form different oxoforms including, sulfenylation (SOH), sulfhydration (SSH),
disulfide bond formation (RS-SR’), and glutathionylation (RS-SG).2% 6% 92 These
modifications confer different functional alterations onto modified proteins because of
their various sizes and chemical properties.

Glutathionylation is a reversible regulatory process that occurs in proteins as a
response to changes in the redox status of cells. Glutathionylation adds a relatively bulky
glutathione group to the protein through a mixed disulfide bond. The biological or
functional significance of glutathionylation has been demonstrated with many examples

of redox-active proteins, including titin, caspase-3, GAPDH, eNOS, SERCA, voltage-gated
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calcium channels (VGCC) and ryanodine receptors (RyR).>® 79 939 prediction of specific
cysteine residues that undergo glutathionylation allows the identification of new target
proteins, which can have altered functions under pathological conditions due to an
impaired redox environment.”® Therefore, many biochemical approaches, specifically
mass spectrometry-based proteomic methods, have been developed to investigate
protein glutathionylation,”® 8% 8 97 especially with the specific cysteine sites.®¥ *8 The
biotin switch method is a common technique for the proteomic identification of
glutathionylation. In this approach, after blocking unmodified cysteines, glutathionylated
cysteines are reduced by glutaredoxin and re-alkylated using biotin and enriched through
streptavidin affinity isolation.®>1% For the quantification of protein glutathionylation, this
method has also been modified with isobaric tagging.?® 1°2 We have also developed a
mass spectrometry-based proteomic method to identify proteins undergoing
glutathionylation with their specific cysteine sites and identified over 1700
glutathionylated peptides in a cardiomyocyte cell line.®
2.2 Approach

We have developed a mass spectrometry-based approach to quantify the relative
level of glutathionylated peptides using isotopically labeled heavy and light clickable
glutathione. We used heavy and light labeled azido alanine (Ns3-Ala) derivatives to
metabolically synthesize heavy and light azido glutathione (Figure 2.1). First, we
demonstrated their ability to label clickable glutathione identically in vitro and in vivo

using purified GSTO1 protein and HEK293 cells upon addition of H,0,. We then applied
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this approach to the HL-1 mouse cardiomyocyte cell line to identify 1398 glutathionylated
peptides with their relative levels of glutathionylation upon addition of H.O; (Figure 2.1).

Finally, we validated glutathionylation of two structural proteins in the sarcomere

desmin and a-actinin.
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Figure 2.1 — Isotopically labeled clickable glutathione strategy to identify and quantify
protein glutathionylation. A) Scheme for the quantification of glutathionylated peptides
using isotopically labeled clickable glutathione. B) Structure of biotin-DADPS-alkyne.



29

2.3 Results
2.3.1 Examination of isotopically labeled clickable glutathione to detect S-
glutathionylation - In vitro glutathione synthetase enzyme assay
Using a coupled enzyme assay, heavy and light azido alanine derivatives were
compared for their efficiency to synthesize clickable glutathione by GS M4. The GS
enzyme activity for two different concentrations (0.2 and 1 mM) of heavy azido alanine
(H-NsAla, blue) or light azido alanine (L-N3Ala, red) derivatives were determined by
measuring the NADH consumption with an ATP regenerating system in the presence of
pyruvate kinase (PK) and lactate dehydrogenase (LDH). The consumption of NADH was
monitored by measuring UV absorbance at 340 nm. This in vitro assay demonstrated that
both heavy and light N3Ala derivatives are utilized by GS M4 as substrates with the same

kinetic rates (Figure 2.2).

A) B) —— Light azido-Ala
€ .
V-GC + Azido-Ala Gs ma Azido-Glutathione ; 0.5 —— Heavy azido-Ala
<
)
ATP ADP w
5 0A7
: f Q 0.2 mM
PEP Pyruvate c
@
PK NADH ;-
LoH 2 0.34
Q . 1mM
NAD* <
Lactate 0.2 T T T

2 4 6 8 10 min

Figure 2.2 Kinetic assay for GS M4 with heavy and light N3Ala derivatives. A) Scheme for
the coupled enzyme assay. B) The GS enzyme activity for two different concentrations
(0.2 and 1 mM) of heavy azido alanine (H-NsAla, blue) or light azido alanine (L-NsAla, red)
derivatives were determined using the kinetic assay. H-NsAla and L-NszAla derivatives are
utilized at the same kinetic rates by GS M4 in vitro
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2.3.2 Isotopically labeled clickable glutathione approach on purified protein (This
work was carried out by Garrett C. VanHecke)

Glutathionylation of purified GSTO1 protein was induced in the presence of equal
amounts of heavy and light azido glutathione in vitro and subjected to click reaction with
biotin-DADPS-alkyne. The protein was digested with trypsin/LysC, enriched using
streptavidin agarose beads, eluted by incubation with acid, and analyzed by matrix-
assisted laser desorption ionization (MALDI). Two peaks were identified with similar ion
intensities and 4 Da apart from each other (1284.68 and 1288.71), with a median intensity
ratio of heavy to light peptides 0.88 + 0.09, n = 3. Peaks identified corresponded to the
molecular weights of the peptide FC3,"'PFAER after being modified with heavy or light
azido glutathione. The identified cysteine residue is in the active site of GSTO1 and is
known to undergo glutathionylation.®® These in vitro results demonstrates that heavy and
light azido alanine derivatives can be used for the detection of glutathionylation with a 4

Da mass difference (Figure 2.3 A).



31

azido-Ala  Light Heavy Light Heavy

SSG-Ns (L)
X SSG'Na(H) B)

H,O,(mM) 0 1 0 1 01 0 1

Click reaction with
biotin-DDE-alkyne Mw
Trypsin digestion (kDa) 95
Streptavidin-agarose 72 -
Elution by 2% NH,NH,
MALDI 56 -

1X 10 1284.678 FCy,'PFAER 43

1288.707 FC3,'PFAER
104 34 -

26 -
N |

i JUJ..!L M‘ : |

Fluorescence Coomassie

lon Intensity

12'80 1590 m;z
Figure 2.3 — Identification of glutathionylated peptides using heavy and light NsAla
derivatives. A) Glutathionylation of purified GSTO1 protein was induced by the addition
of diamide (1 mM, 30 min) in the presence of both heavy and light labeled azido
glutathione derivatives (1 mM each). The glutathionylated protein was subjected to click
reaction with biotin-DDE-alkyne followed by trypsin digestion, pull down, elution and
MALDI analysis. These results demonstrate the ability to utilize heavy and light azido
alanine derivatives for the detection of glutathionylation with a 4 Da mass difference. B)
HEK293/GSM4 cells treated with heavy or light azido alanine were induced by the
addition of H,0; (1 mM, 15 min) and subjected to click reaction with a Cy5-alkyne.
Glutathionylaation of HEK293/GS M4 cells demonstrates that heavy and light azido
glutathione labels proteins identically.

2.3.3 Invivo detection of glutathionylation by heavy and light azido glutathione (This
work was carried out by Garrett C. VanHecke)
Stable HEK293 cells overexpressing GS M4 (HEK293/GS M4) were incubated with
heavy or light azido alanine and induced by the addition of H,0,. Cell lysates were
subjected to a click reaction with Cy5-alkyne. Both heavy and light azido alanine treated

cell lysates showed identical in-gel fluorescence patterns and intensities of global
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glutathionylation (lane 2 vs lane 4). These results show that both heavy and light azido
glutathione label proteins identically (Figure 2.3 B).
2.3.4 Isotopically labeled clickable glutathione approach for proteomic analysis

The HL-1 mouse cardiomyocyte cell line was used as a model system to evaluate
heavy and light azido alanine derivatives for the proteomic identification of
glutathionylated cysteine residues. The HL-1 cell line was specifically selected due to the
importance of oxidative stress and redox signaling in cardiomyocytes.®® HL-1 cells
overexpressing GS M4 were treated with either heavy or light azido alanine and
glutathionylation was induced with equal amounts of H,0; (1 mM: E1 condition, Figure
2.4A). Lysates from the two cultures (containing equal amounts of heavy or light azido
alanine) were combined and subjected to a bio-orthogonal click reaction with biotin-
DADPS-alkyne. Modified proteins were enriched with streptavidin agarose beads,
digested on beads using trypsin/LysC, eluted by acidic cleavage of the DADPS linker, and
subjected to LC-MS/MS analysis (E1 experiment).

Individual pairs of glutathionylated peptides with +4 Da isotopic mass differences
were identified (in at least two out of three replicates). The peptides were quantified to
give a heavy to light ratio (Ru/) using Skyline software.'%® Under these E1 conditions,
where heavy or light azido-alanine treated samples were induced with equal amounts of
H,0,, 1398 pairs of glutathionylated peptides were identified (Figure 2.4A) with a median
Ru/L value of 0.94. The fact that this median value is close to 1, (92.6% of Ry, in range of

0.6-1.4, Figure 2.4B left), suggests that proteins/peptides undergo a nearly equal level of
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glutathionylation with the heavy and light GSH analogs. Figure 2.4D shows MS1 peaks for
representative individual peptides identified such as ACTN4 C352, FLNC C1067, ACTN1
C480, and DES C332 with Ru,values close to 1 (1.07, 0.99, 0.84, and 0.88, respectively).
Also, the median coefficient of variation (CV) value (13.5%) for E1 indicates that triplicate
experiments show a nearly consistent quantification (Figure 2.4B right). Many of the
proteins found under E1 condition were consistent with our previous proteomic data

(Figure 2.4C).%°
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Figure 2.4 — Isotopically labeled glutathione approach for the identification and
guantification of glutathionylated peptides. A) Experimental conditions and the number
of glutathionylated peptides identified by isotopically labeled clickable glutathione. B) Ru/L
values and CV of glutathionylated peptides. C) Ru/ value distribution of individual
glutathionylated peptides. D) MS1 peaks showing relative quantification of heavy (blue)
to light (red) azido glutathione labeled peptides.

2.3.5 Relative quantification of glutathionylated peptides

We carried out relative quantification of the levels of glutathionylation upon
addition of H,0,. Cells treated with heavy and light azido-alanine were induced with and
without the addition of H,0;, respectively (1 mM H;0; for heavy and 0 mM H;0; for light:
E2 condition, Figure 2.4A). After the same sample preparation and analysis process as for
E1, 797 pairs of glutathionylated peptides were identified (in at least two out of three

replicates: Figure 2.4A), with a wide distribution of their Ry, values. The median Ry
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value was 16.3 (80% of Ry in the range of 3.7 - 0.2, Figure 2.4B left). This wide distribution
of Ru/L shows that the extent of protein glutathionylation increases upon the addition of
H.0,. The majority of identified peptides (89%, 707 out of 798) reflected a significant
increase in global glutathionylation upon the addition of H,0;, with Ry, values greater
than 4. Compared to the median CV value for E1 (14.6%), the median CV value for E2 is
relatively high (46.7%, Figure 2.4B right).

Using DAVID GO annotation we identified sarcomeric and muscle proteins that
undergo glutathionylation under oxidative stress conditions using their Ry, values (Figure
2.4C-D and Table A.2.1), such as structural proteins [ACTN1 C480, ACTN4 C500, DES C332,
and filamin C (FLNC) C1062 with Ry, values 24.0, 18.2, 30.5 and 108.7, respectively],
myofilamental proteins [titin (TTN) C19461, myosin light chain 7 (MYL7) C43, and myosin
binding protein C3 (MYBPC3) C619 with Ry, values 32.1, 19.8 and 82.0, respectively], and
sarcomeric chaperone proteins [unc 45 myosin chaperone B (UNC45b) C636, BAG3 C185,
and obscurin like cytoskeletal adaptor 1 (OBSL1) C1719 with Ry, values 106.4, 12.8, and
7.1, respectively].

2.3.6 Validation of proteomic data by pull-down analysis

We used two sarcomeric proteins, desmin (DES) and a-actinin (ACTN), to validate
our data by confirming the glutathionylation of specific cysteine residues. DES is the major
intermediate filament protein in muscle cells that is important in maintaining elasticity
and providing mechanical strength.%41% DES has only one cysteine (C332), and it was

found to undergo glutathionylation. ACTNs are the major actin-binding proteins in the
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cytoskeleton, and they are important in regulating cell mobility, adhesion, and
morphology.1%-19° Mouse ACTN1 has eleven cysteines, and three of them were found to
undergo glutathionylation (C370, C480, and C690) in our mass analyses; C480 is
conserved within all four isoforms of ACTN (ACTN1-4).

HL-1 cells were used to confirm DES and ACTN1 glutathionylation. Cells
overexpressing GS M4 were treated with azido-alanine, and glutathionylation was
induced by H,0; (1 mM). After the click reaction with biotin-alkyne, glutathionylated
proteins were enriched with streptavidin-agarose beads. Samples were eluted for
western blot analysis. Glutathionylation was detected in both DES (lane 1 vs 2, Figure
2.5B) and ACTN1 (lane 1 vs 2, Figure 2.5A) upon the addition of H;0,.

To determine the glutathionylation levels at specific cysteine residues, wild type
(WT) and cysteine mutants of DES (DES C332S) and ACTN1 (ACTN1 C480S) plasmids were
produced and used. WT and cysteine mutants were overexpressed in HEK392/GS M4
cells, and glutathionylation was induced with and without H;0,. Glutathionylation was
detected in both DES WT (lane 4 vs 5, Figure 2.5B) and ACTN1 WT (lane 4 vs 5, Figure 2.5A)
proteins upon incubation of H;0,. In contrast, glutathionylation levels were completely
or partially reduced in DES C332S (lane 5 vs 8, Figure 2.5B) and ACTN1 C480S (lane 5 vs 8,
Figure 2.5A), respectively, upon the addition of H,0,. These data confirm the
glutathionylation of these specific cysteines. Partial reduction of the glutathionylation
signal in ACTN1 C480S (lane 8, figure 2.5A) upon incubation of H;0; indicates the

glutathionylation of cysteines other than C480.
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ACTN2 is an important protein in skeletal and cardiac muscle, whose mutation
may cause cardiomyopathy.!? Therefore, we examined the glutathionylation of C487 in
sarcomeric ACTN2, which corresponds to C480 in ACTN1. Upon addition of H,0,, WT
ACTN2 was found to undergo glutathionylation (lane 10 vs 11, Figure 2.5A). In contrast,
reduced glutathionylation levels were observed for C487S mutant ACTN2 upon incubation

of H,0; (lane 11 vs 14, Figure 2.5A), confirming glutathionylation at C487 in the WT

protein.
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Figure 2.5 — Proteomic data validation by pull-down and western blotting in A) ACTN1,
ACTN2 and B) DES. HEK293/GS M4 cells and HL-1 cells with and without overexpression
of WT and mutant proteins were glutathionylated by adding H;0,. Cells were lysed and
carried out click reaction with biotin alkyne followed by the pull-down using streptavidin
agarose beads. Western blot analysis with a-actinin, desmin and flag antibodies were
carried out to confirm the glutathionylation.

2.4 Discussion

Protein S-glutathionylation is an important reversible cysteine modification that
regulates redox signaling and other important cellular events such as cell signaling,
proliferation, and migration.>’>° To understand the relevance of protein glutathionylation
in physiological and pathological processes, identification and quantification of proteins

undergoing glutathionylation with their specific cysteine cites is essential.



38

There are several methods available for the identification and quantification of
protein glutathionylation, such as isobaric tagging, biotin labeling, and SILAC. These
methods need extensive labeling of the whole proteome with isotopically labeled amino
acids or labeling steps at the beginning of sample preparation.®" 83 Even though these
methods are commonly used, they suffer from major drawbacks such as inefficient
selectivity of derivatization, high production costs, and limited sensitivity.**!

Our approach utilizes a mutant of glutathione synthetase (GS M4) that was
engineered to selectively modify intracellular glutathione with an azide functional group,
which enables the detection or identification of glutathionylated proteins.8> 86 8% Here,
we developed a mass spectrometry-based method to identify and quantify
glutathionylated peptides with an isotopic mass difference. We feed cells with isotopically
labeled heavy and light azido-alanine to metabolically synthesize heavy and light labeled
clickable glutathione derivatives, which subsequently label proteins undergoing
glutathionylation. We identified and quantified 797 glutathionylated peptides upon the
addition of H,0,. Furthermore, we have validated our data using two associated
sarcomere proteins: DES and ACTN, confirming glutathionylation of specific cysteine
residues in each protein. This approach could be applied to profile hyper-reactive and

functional cysteines in the future.
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2.5 Experimental Section
2.5.1 Cell culture

T-75 dishes were coated with a gelatin-fibronectin solution and incubated at 37°C
for 1 h. The gelatin-fibronectin solution was removed by aspiration just before culturing
the cells. HL-1 cells were cultured in Claycomb medium supplemented with 10% fetal
bovine serum (FBS; GE healthcare), penicillin (100 U mL1), streptomycin (100 pg mL?),
norepinephrine (0.1 mM), and L-glutamine (2 mM) in gelatin-fibronectin coated flasks.
Cells were incubated in a humidified chamber at 37°C and 5% CO..
2.5.2 Cell Splitting

At 80-100% confluency, cells were washed with warm PBS. Then, 3 mL of 0.05%
warm trypsin/EDTA solution were added and incubated for 1 min at 37°C. Trypsin/EDTA
solution was removed by aspiration, and another 3 mL of fresh trypsin/EDTA solution
were added and incubated for 3 min at 37°C. After trypsinization, 3 mL of supplemented
Claycomb medium were added to inactivate the trypsin. Cells were transferred to a 15 mL
falcon tube and centrifuged at 500 g for 5 minutes. The supernatant was removed by
aspiration, and the cells were resuspended in 6 mL of supplemented Claycomb medium.
A cell suspension aliquot (2 mL) was added to each of three pre-coated T75 flasks
containing 12 mL of supplemented Claycomb medium (1.5 mL of cell suspension/ 10 mL

dish). Cells were maintained at 37°C in a humidified cell culture incubator.
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2.5.3 Enzyme kinetic assay

The GS M4 enzyme activity for the heavy and light azido-alanine derivatives was
determined by measuring NADH consumption with an ATP regenerating system in the
presence of pyruvate kinase (PK) and lactate dehydrogenase (LDH). The consumption of
NADH was monitored by measuring UV absorbance at 340 nm. The reaction mixture was
prepared by mixing 100 mM Tris-HCl buffer (pH 8.3, containing 150 mM NaCl and 25 mM
MgClz), 2 mM y-glutamyl cysteine, 2 mM phosphoenolpyruvate (PEP), 10 units pyruvate
kinase (PK), and 15 units lactate dehydrogenase (LDH). Heavy and light azido-alanine were
used as substrates with two concentrations (0.2 and 1 mM). GS M4 enzyme (0.5 pg) was
added to the reaction mixture, and the reaction was started. The decrease in the
absorbance at 340 nm was measured using a DU730-Beckman coulter UV/Vis
spectrophotometer. The absorbance values were plotted against time.
2.5.4 Site-directed quick-change mutagenesis

Mammalian plasmids for DES, ACTN1, and ACTN2 were obtained from Origene.
Cysteine to serine mutants were generated by QuikChange mutagenesis. Forward and
reverse quick-change primers (Table 2.2) were incubated in two separate PCR tubes
containing WT plasmid (50 ng) and pfu ultra-buffer (5 pL) each. dNTP mix (1 uL) was
added, and the volume of each tube was adjusted to 49 pL. Pfu ultra-enzyme (1 plL,
Agilent) was added to each tube. Tubes were incubated in a thermocycler and subjected
to 2 thermocycles (Table 2.1). After two cycles, the two reaction mixtures were combined

and incubated for another 18 cycles in the thermocycler (Table 2.1). Then, the mixture
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was incubated with Dpnl (1 pL, 20 000 units/mL) for 1 h at 37°C. Dpnl digested PCR
reaction (5 pL) was transformed into DH5a cells.

Table 2.1 - PCR program for quikchange mutagenesis

Cycle Temp (°C) Time # of cycles
Initial denaturation 95 5 min 1
Denaturation 95 45 s

Annealing 55 45 s 20r18
Extension 72 20 min

Final extension 72 10 min 1
Store 4 Hold

Table 2.2 - Quikchange primers for desmin and ACTN

Mutation | Primer Primer sequence 5’-3’

DES Forward | C CAG ATC CAG TCC TAC ACC TCC GAG ATT GAT GCCCTCAAG G
C332S Reverse | CCTT GAG GGC ATC AAT CTC GGA GGT GTA GGA CTG GAT CTG
G

ACTN1 Forward | GCT CGT TGC CAA AAG ATC TCT GAC CAG TGG GAC AAT CTA
C480S GGG

Reverse | CCCTAG ATT GTCCCA CTG GTCAGA GATCTTTTG GCA ACG AGC
ACTN2 Forward | CGG TGC CAG GAA ATT TCC GAC CAG TGG GAT AGA TTG GG
C487S Reverse | CC CAA TCT ATC CCA CTG GTC GGA AAT TTC CTG GCA CCG

2.5.5 Bacterial transformation

Calcium-competent DH5a cells (50 uL) were thawed on ice and then mixed with
ice-cold plasmid DNA (50 ng) or autoclaved water (negative control) and incubated on ice
for 20 minutes. These mixtures were incubated in a heating block at 42°C for 45 seconds.
Tubes were immediately removed and placed on ice for 2 minutes. Cells were mixed with

super optimal broth with catabolite repression (SOC) medium (450 pL) and incubated at
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37°C for 45 minutes Cells (100 pL) were spread evenly on agar plates containing the
appropriate antibiotic. Plates were incubated for 16 h in a bacterial incubator at 37°C.
2.5.6 Bacterial cell stock preparation

A single colony from the agar plate was inoculated in Luria-Bertani (LB) media (5
mL) with the appropriate antibiotic in a bacterial incubator at 37°C for 16 h with shaking.
The next day, an aliquot of this bacterial culture (600 pL) was mixed with 60% autoclaved
glycerol (400 L) in an Eppendorf tube, flash-frozen in liquid nitrogen, and stored at -80°C.
2.5.7 Plasmid DNA isolation (Miniprep)

Plasmid isolation was carried out using a geneJET plasmid miniprep kit (Thermo
Scientific) according to the instruction manual. A single colony from an agar plate or a
clump of bacterial cell stock was inoculated in LB media (5 mL) containing appropriate
antibiotics in a bacterial incubator at 37°C for 16 h with shaking. This culture was
centrifuged at 4500 rpm for 5 minutes at room temperature. The pellet was resuspended
in resuspension solution (250 uL), and the cell suspension was transferred to an micro
centrifuge tube. Lysis solution (250 uL) was added to the cell suspension and mixed
thoroughly by inverting the tube 4-6 times until the solution become slightly clear and
viscous. Neutralization solution (350 uL) was added, and the tube was inverted 4-6 times
to thoroughly mix the contents. The solution was centrifuged at 13,000 rpm for 5 minutes
to pellet chromosomal DNA and cell debris. The supernatant was transferred to the
GenelET spin column, centrifuged for 1 minute at 13,000 rpm, and the flow-through was

discarded. Wash solution (500 pL) was added to the GenelET spin column and centrifuged
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at 13,000 rpm for 1 minute. The washing procedure was repeated using another 500 pL
washing solution. The flow-through was discarded, and the column was centrifuged again
at 13,000 rpm for 1 minute to remove residual wash solution. The spin column was
transferred to a new micro centrifuge tube, and elution buffer (50 uL) was added. The
solution was incubated for 2 minutes at room temperature, and centrifuged for 2 minutes
at 13,000 rpm. Plasmid DNA was stored at -20°C.
2.5.8 Lipofectamine transfection

At 70% - 80% confluency, HEK293/GS M4 cells were transfected with DES/ ACTN1/
ACTN2 plasmids using a lipofectamine 3000 reagent. Cell culture media was removed
from the cell culture dishes (10 cm) and replaced with Opti-MEM medium (4 mL). In a
sterile Eppendorf tube, the lipofectamine 3000 (24 pL) was diluted in Opti-MEM medium
(250 pL). In a separate sterile Eppendorf tube, DNA (8 pg) was diluted in Opti-MEM
medium (250 uL) and added P3000 reagent (16 pL). This DNA mixture was mixed with
diluted lipofectamine 3000 regent and incubated for 10 minutes at room temperature.
The DNA-lipid complex was then added to the cells and incubated at 37°C in a mammalian
cell culture incubator. After 6 h, the medium containing DNA-lipid complex was replaced
with fresh complete DMEM medium (10 mL) and incubated for 18 h.
2.5.9 Bradford assay

Cell lysates were diluted 10 times using 1x PBS (2 uL lysate in 18 puL of 1x PBS). An
aliquot of the diluted cell lysate (10 pL) was mixed with 1 mL of quick start 1x Bradford

reagent (BioRad) in a micro centrifuge tube. A fraction (200 uL) was transferred to a clear
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96 well plate, and absorbance was measured using a plate reader at 595 nm. The standard
curve was generated using bovine serum albumin (BSA; BioRad) as the protein standard.
BSA stock solution (1 mg/mL) was serially diluted to make 2, 4, 6, 8, 10 ug/uL solutions.
Each standard solution (10 pL) was mixed with 1x Bradford reagent, and the absorbance
was measured as described above.

2.5.10 Virus Transduction

At 100% confluency, HL-1 cells were infected with adenovirus expressing GS M4
(Ad/GS M4; Vector BiolLabs). In HL-1 cells, the growth medium was replaced with 4 mL of
2% FBS containing DMEM medium without penicillin or streptomycin. In a sterile micro
centrifuge tube, 7.5 pL of virus and 4 pL of 1 mg/mL polybrene were diluted in 500 pL of
DMEM medium containing 2% FBS. The virus and polybrene mixture was incubated at
room temperature for 10 minutes before adding to the cells. The virus-containing
medium was replaced with supplemented Claycomb medium after 6 h of virus infection
and incubated for 18 h.

Extreme safety precautions must be followed during the use of this virus in cell
culture. Cell culture medium and all the contaminated media were treated with 10%
bleach (final concentration) and incubated for at least 30 min. Cell culture dishes, pipets,
pipet tips, and all other contaminated material were cleaned with 10% bleach solution for
at least 30 min before discarding. Any contaminated media spills on a metal surface were
disinfected with spore-Klenz for at least 30 minutes. Double gloving was used, and the

gloves were appropriately discarded leaving the cell culture room.
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2.5.11 Induction of glutathionylation and cell lysis

At 100% confluency, HL-1 cells were infected with Ad/GSM4. After 24 h, cells were
incubated with heavy or light azido-alanine (0.6 mM) in supplemented Claycomb medium
for 20 h. Cells were treated with or without H20; (1 mM) for 15 min. Cells were washed
with cold PBS and lysed with a lysis buffer containing 100 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES, pH 7.6), 100 mM LiCl, 10% sodium dodecyl sulfate
(SDS), protease inhibitor cocktail, and 50 mM N-ethyl maleimide (NEM; Sigma). The
solution was incubated with rotation at 4°C for 30 minutes and passed 10 times through
a 26-gauge needle. Protein concentrations of the lysates were determined by Bradford
assay.
2.5.12 Fluorescence detection of glutathionylated proteins by click reaction

Proteins in cell lysates (100 ug) were precipitated by incubating with ice-cold
acetone (4x volume) for 1 h at -20°C and centrifugation for 5 minutes at 18,000 g. The
supernatant was removed, the pellet was air-dried for 5 min and resuspended in 40 uL of
buffer containing 0.1% SDS, 1x PBS, 0.1% DMSO, and water. The pellet was completely
resuspended by sonication. Cy5-alkyne (0.5 pL, 10 mM in DMSO) and click solution (10
uL) containing 20 mM CuBr (5 pL) in DMSO/tBuOH (3:1, v/v;5 uL) and 20 mm THPTA (5
uL) were added. The mixture was incubated in the dark for 1 h at room temperature.
Proteins were separated by SDS-PAGE, and proteins in the gel were analyzed by

FluorChem Q imaging system (BioRad) or Coomassie stain.
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2.5.13 Sodium Dodecyl Sulfate Poly Acrylamide Gel Electrophoresis (SDS-PAGE)

Dried glass plates (1.5 mm, BioRad) were mounted on a gel preparing rack.
Resolving buffer (12%) was prepared by mixing 3.4 mL of distilled water, 2.4 mL of 40%
acrylamide (BioRad), 2 mL of 1.5 M Tris buffer (pH 8.8), 80 pL of 10% (w/v) SDS, 80 uL of
10% (w/v) ammonium persulfate (APS) and 8 uL of N,N,N’,N’-
tetramethylethylenediamine (TEMED, Sigma). The solution was poured between glass
plates up to about % height of the short plate. After pouring, isopropanol was added over
the resolving layer, and the gel was allowed to polymerize at room temperature for 30
minutes. The stacking buffer was prepared by mixing 2.9 mL of distilled water, 750 uL of
40% acrylamide, 1.25 mL of 0.5 M Tris buffer (pH 6.8), 50 uL of 10% SDS, 50 pL of 10% APS
and 5 uL TEMED. The isopropanol layer was removed, and the stacking buffer was poured
over the resolving gel. A comb (10 well or 15 well) was inserted between the glass plates.
The gel was allowed to polymerize.

To run the samples, the comb was removed, and the cast gel was assembled into
mini-protean tetra gel apparatus (BioRad). Freshly prepared SDS running buffer (1x;
0.025M Tris, 0.05M glycine, and 0.5% SDS) was poured, and samples were loaded into the
gel wells. The apparatus was closed, and the gel was electroeluted at 200V until the dye
front reached the bottom of the gel. The gel was removed from the glass plates carefully
and washed with distilled water, and analyzed by FluorChem Q imaging system, western

blotting, or stained with Coomassie.
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2.5.14 Coomassie staining

SDS-PAGE gels were washed with distilled water and incubated with a staining
solution containing 0.1% Coomassie Brilliant Blue R-250 in 50% methanol, 10 % glacial
acetic acid, and water for 1 h after microwaving for 30 seconds. The Coomassie stain was
removed, and the gel was washed 3 times with distilled water. The gel was then de-
stained overnight with a buffer containing 40% methanol, 10% glacial acetic acid and
water.
2.5.15 Western botting

Western blotting was carried out to transfer proteins in SDS-PAGE to a
polyvinylidene difluoride (PVDF) membrane. The stacking layer was removed, and the
resolving gel was washed with distilled water and transfer buffer (24 mM Tris, 194 mM
glycine, and 10% methanol). Before assembling the transfer sandwich, filter papers and
sponges were soaked in transfer buffer, and the PVDF membrane was soaked in
methanol. To assemble the transfer sandwich, a pre-wetted sponge was placed on the
black side of the transfer cassette, followed by a filter paper and the gel. Then, the pre-
wetted PVDF membrane was placed on the gel, followed by the filter paper and another
sponge. The cassette was closed and locked. The cassette was placed in the transfer
apparatus facing the black side of the cassette to the black side of the module. The whole
setup was placed in a transfer container. An ice block was placed inside the transfer
container, and the container was filled with transfer buffer. The transfer container was

closed with the lid, and the whole setup was covered with ice. The transfer was carried
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out for 2 h at 90 V. The cassette was removed from the transfer container, and the PVDF
membrane was removed from the cassette. The PVDF membrane was washed with TBST
and used immediately for the antibody probing.
2.5.16 Pull-down analysis

Proteins in cell lysates (1000 ug) were precipitated by incubating with ice-cold
acetone (4x volume) at -20°C for 1 h and centrifugation for 5 minutes at 18,000 g. The
supernatant was removed, the pellet was air-dried for 5 min. The pellet was resuspended
in 140 pL of buffer containing 0.1% SDS, 1x phosphate buffer saline (PBS), 0.1% DMSO,
and water by sonication. To the mixture, 5 mM biotin-alkyne in DMSO (16 pL) and click
solution (40 pL) containing 20 mM CuBr (20 pL) in DMSO/tBuOH (3:1, v/v;5 uL) and 20
mm tris-hydroxypropyltriazolylmethylamine (THPTA, 20 pL) were added. The mixture was
incubated in the dark for 1 h at room temperature. Proteins were precipitated by
incubation with ice-cold acetone (4x volume) for 1h at -20°C, and centrifugation at
18,000g for 5 minutes. The resulting pellet was resuspended in 200 uL of PBS buffer
containing 1.2% SDS by sonication. Resuspended proteins (10 uL) were saved for the gel.
The remaining proteins were added to PBS buffer containing streptavidin-agarose beads
(20 L, Pierce) and incubated overnight at 4°C. The next morning, beads were washed
with PBS containing 0.2% SDS (3x 500 uL) and PBS (3x 500 puL). Proteins on beads were
eluted by adding 50 uL of SDS-loading dye (2x) containing B-mercaptoethanol (BME, 3 pL)
and heating at 95°C for 10 min. Eluted proteins were resolved on SDS-PAGE and

transferred to the PVDF membrane as described in section 2.5.15. This membrane was
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blocked with 5% BSA in TBST (50 mM Tris-HCI, 150 mM NaCl, and 0.1% Tween-20) and
incubated with primary antibody solutions [desmin (1:1000; Abcam), a-actinin (1:500;
Abcam) and FLAG (1:1000; Sigma)] diluted in blocking buffer overnight at 4°C. Appropriate
horseradish peroxidase (HRP) conjugated secondary antibodies were used to visualize the
proteins by chemiluminescence.
2.5.17 Proteomic sample preparation

Equal amounts of lysates prepared by incubation of heavy or light azido-alanine (5
mg proteins from each lysate) were combined. A click reaction was carried out as
described earlier with biotin-DADPS-alkyne. Proteins were precipitated with ice-cold
acetone (4x volume) by incubating for 1 h at -20°C, and centrifugation at 20,800 g for 10
minutes at 4°C. The pellet was resuspended in PBS containing 1.2% SDS (1 mL) by
sonication. Resuspended proteins were added to pre-washed streptavidin-agarose beads
(100 pL) containing PBS (5 mL) and incubated overnight at 4°C. The following day, beads
were washed with PBS containing 0.2% SDS (3x 1 mL) and PBS (3x 1 mL). Then, the beads
were incubated with a denaturing PBS solution (500 pL) containing 6 M urea at 37°C for
45 minutes. Proteins on beads were then digested with a PBS buffer (200 pL) containing
2 M urea, 1 mM CaCly, and trypsin/Lys-C (5 pg; Promega) overnight at 37°C. Beads were
washed with PBS containing 0.2% SDS (3x 1 mL), PBS (3x 1 mL), and water (3x 1 mL).
Peptides on beads were cleaved by incubating with 10% formic acid (2x 100 L) for 30
minutes at room temperature, followed by a wash (100 uL). Eluted fractions were

combined, lyophilized, and analyzed by LC-MS/MS.
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2.5.18 LC-MS/MS analysis

Lyophilized peptides were resuspended in a solution containing 0.1% formic acid,
0.005% trifluoroacetic acid (TFA), and 5% acetonitrile. Peptides were separated by UHPLC
reverse phase chromatography using PepMap RSLC C18 column and an EASY-nLC system
and introduced to an Orbitrap Fusion mass spectrometer (Thermo Fisher). MS1 scans
were between the range of 375-1600 m/z at 240 000 orbitrap resolution. Peptides with
+2 or +3 charges were fragmented by collision-induced dissociation (CID) at 32% collision
energy. Peptides with charges between +3 and +7 were fragmented by electron transfer
dissociation (ETD).
2.5.19 Protein identification and quantification

Raw data files were searched with MaxQuant (version 1.6.2.10) against UniProt
mouse complete database (downloaded on 07.14.2017, 16 844 entries) and a
contaminant database. Glutathionylation of cysteine by heavy azido glutathione (addition
of Ci6H2407NeS, exact mass = 444.14272) and light azido glutathione (addition of
Ci16H212H307Ns'°NS, exact mass = 444.15858) were used as cysteine labels. Methionine
oxidation and N-terminal acetylation were used as variable modifications. All other
parameters were left as default. As determined by a reversed database search, peptide
spectra matches were accepted at a 1% false discovery rate. Peptide quantifications were
done using Skyline software (version 4.2.0), as previously reported.'9 Spectral libraries
were prepared by importing msms.txt and modifications. XML files from MaxQuant to

Skyline. Raw files were imported for peak picking. The uniprot mouse database
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(downloaded on 07.14.2017) was also imported to Skyline. In MS-1 filtering, mass
accuracy and the retention time window were set to 10 ppm and £2 minutes, respectively,
to find the corresponding peptide peaks in all runs that lack MS/MS identification.
Peptides without S-glutathionylation were removed from the peptide list. Peptides with
isotopic dot product (idotp) value less than 0.8 were removed. To have an idotp value
higher than 0.8, manual integration was applied when necessary. For heavy to light labels,
the peptide area ratios were calculated automatically. Out of three replicates, peptides
identified at least two out of three times with an idotp value greater than 0.8 were

assigned with the median Ry . values.
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CHAPTER 3: IDENTIFICATION AND QUANTIFICATION OF GLUTATHIONYLATED
CYSTEINES UNDER ISCHEMIC STRESS

(The work of this chapter is adapted from Yapa Abeywardana, M.; Samarasinghe, K. T. G.;
Munkanatta Godage, D.; Ahn, Y. H., Identification and Quantification of Glutathionylated
Cysteines under Ischemic Stress. J Proteome Res 2021, 20 (9), 4529-4542)
3.1 Introduction

Myocardial infraction or ischemia is the restriction of blood flow to the heart
muscle. It is one of the dominant contributors to the death of millions of people
worldwide.'*? 113 During ischemia, there is a limited supply of O, (hypoxia) and nutrients,
which limits the production of adenosine 5’-triphosphate (ATP) that is essential for heart
muscle contraction.!’* The level of tissue damage is determined by the severity and
duration of the ischemia.''* The damage caused by ischemia can be reversed by restoring
blood flow (reperfusion) to the ischemic heart muscle.!'2 However, while restoring blood
flow is necessary, this results in significant tissue damage in the ischemic heart due to the
sudden reintroduction of Oz and nutrients (reperfusion injury).1t3 115

For its mechanical function, the heart needs a high amount of energy (ATP). The
heart produces ATP largely from fatty acid B-oxidation (60-90%) and from glucose
oxidation (10-40%).112 116-118 Therefore, ATP production processes are heavily dependent
on O, availability.1*® 117 During ischemia, anaerobic metabolism increases due to a lack of
0O.. The generation of lactic acid during anaerobic metabolism decreases the pH in the

cell.** To balance the accumulation of hydrogen ions (H*), excess H* are excreted by
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Na*/H* exchangers. Therefore, ischemia produces a large influx of sodium ions (Na*).14
Also, ATP production is slow down during ischemia, which inactivates ATPases, reducing
active calcium (Ca?*) efflux. This produces a Ca®* overload in the mitochondria and cells.
These cellular changes ultimately activate intracellular proteases such as calpain that
damage myofibrils and induce autophagy to reduce energy consumption.''* Therefore,
prolonged ischemia can ultimately cause cell death. Reperfusion can reverse these
damages caused by ischemia. However, reoxygenation during reperfusion can increase
ROS production at mitochondria and other organelles.!'# 11° This sudden increase in ROS
overwhelms the detoxification capacity of the cells, inducing oxidation of proteins,
deoxyribonucleic acids, and lipids, which can cause a loss of contractility of
cardiomyocytes.!'* 120 Interestingly, during ischemia-reperfusion (I/R), the plasma levels
of fatty acids elevate, inducing fatty acid oxidation over glucose oxidation.1t? 121, 122
Increased fatty acid oxidation is associated with reduced contractile activity and cell death
in the heart.123 124

During I/R, redox homeostasis can be altered due to a burst of ROS and reduced
antioxidant production. Altered redox homeostasis can induce reversible and irreversible
modifications on proteins causing structural and functional changes in the modified
proteins.?® Cysteines are highly susceptible to modifications including S-oxidation, S-
nitrosylation, disulfide bond formation, and glutathionylation.?® 27, 46 47, 125

Glutathionylation is the mixed disulfide formation between a protein cysteine and

glutathione.?® Glutathionylation is important in protecting proteins from irreversible
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oxidative modifications and modulating protein-protein interactions.?® 5> 56 125 previous
reports have highlighted glutathionylation of several contractile proteins, mitochondrial,
and metabolic enzymes.”” 126127 However, there is a limited number of glutathionylated
proteins and cysteines identified during ischemic stress in cardiomyocytes.

Our lab has previously developed a chemoselective method (clickable glutathione
approach) to detect protein glutathionylation (Figure 3.1).%> 8 This method utilizes a
glutathione synthetase enzyme (GS M4) mutant to metabolically synthesize clickable
glutathione (N3-GSH/azido glutathione) in situ in cells by incorporating azido-alanine in
place of glycine. A subsequent click reaction covalently connects the modified glutathione
to a biotin- or fluorophore-alkyne to enable identification and detection of
glutathionylated proteins (Figure 3.1).8> Recently, we have modified this clickable
glutathione approach to use a cleavable biotin-DADPS-alkyne. Combined with mass
spectrometry, we can identify proteins undergoing glutathionylation with their specific
cysteine sites. This approach allowed us to identify over 1700 glutathionylated peptides
in the HL-1 mouse cardiomyocyte cell line upon production of H,0,.%8° We have further
modified this method to relatively quantify protein glutathionylation using isotopically
labeled heavy (+4 Da) and light (+0 Da) azido-alanine derivatives, and identified over 1300
glutathionylated cysteines with their relative levels of glutathionylation upon addition of

H,0,.1%8
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Figure 3.1 — Clickable glutathione approach for the detection and identification of protein
glutathionylation.

3.2 Approach

We have applied our clickable glutathione approach to detect protein
glutathionylation in HL-1 mouse cardiomyocytes under different ischemic stress
conditions such as glucose deprivation (GD), hypoxia, oxygen-glucose deprivation (OGD),
and OGD followed by reperfusion (OGD/R). Our data revealed that glutathionylation
occurs under prolonged GD but is absent or minimal under hypoxia or OGD. Furthermore,
reoxygenation after OGD (OGD/O) and fatty acid availability during OGD/R (OGD/OGF-
BSA) induce a significant level of glutathionylation. However, glucose additionduring
reperfusion (OGD/OG) reduces glutathionylation. By applying our quantification strategy
with clickable glutathione under OGD/OGF-BSA, we have identified 248 glutathionylated
proteins. Bioinformatic analyses of this data set revealed, 18 glutathionylated cysteines
whose genetic variants are known to be associated with muscular disorders.
3.3 Results
3.3.1 Glucose deprivation induces glutathionylation significantly

HL-1 mouse cardiomyocyte cells were used as an in vitro model to reproduce I/R

conditions.88 HL-1 cells overexpressing GS M4 were treated with N3Ala, and subjected to
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various metabolic alterations that mimic GD, hypoxia, or OGD. Glucose depletion (GD)
induced a global level of glutathionylation in a concentration- and time-dependent
manner (Figure 3.2A). This observation suggests that glucose availability is important to
maintain redox homeostasis, possibly due to NADPH production.?® Under GD, the ratio
of NADP*/NADPH was significantly increased (Figure 3.2E). Also, the ratio of GSSG/GSH
and the level of ROS were both increased (Figure 3.2D, F), supporting the induction of
global glutathionylation levels under GD. Cell viability was not altered significantly during
GD (Figure 3.2G).
3.3.2 Hypoxia or OGD does not induce glutathionylation

Then, HL-1 cells were subjected to hypoxia (1% 0O,) and OGD (1% O; and 0 mM
glucose). Under hypoxia and OGD, glutathionylation was low or rarely observed (Figure
3.2B, lane 1 vs. 3 and lane 1 vs. 4, respectively) significantly compared to glutathionylation
under GD (Figure 3.2B, lane 2). Under hypoxia, ROS levels increased (Figure 3.2D), but the
NADP*/NADPH ratio remained unchanged (Figure 3.2E). In contrast, under OGD, the ROS
levels remained unchanged (Figure 3.2D) while the NADP*/NADPH ratio increased (Figure
3.2E). Consequently, the ratio of GSSG/GSH was not significantly altered by either hypoxia
or OGD, consistent with the low or no glutathionylation levels observed under these dame
conditions (Figure 3.2F). Furthermore, an increase in oxygen percentage (1, 5, and 21%)
during GD resulted in an increased level of glutathionylation (Figure 3.2C), supporting the
importance of O; for glutathionylation. Finally, cell viability was not altered significantly

during hypoxia or OGD (Figure 3.2G).
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Figure 3.2 — Glutathionylation is induced significantly under GD, but only weakly under
hypoxia or OGD. A-C) Global glutathionylation levels under GD, hypoxia, or OGD in HL-1
mouse cardiomyocyte cells. D-G) Analysis of ROS, NADP*/NADPH ratio, GSSG/GSH ratio,
and cell viability, respectively, under GD, hypoxia, or OGD. Data representing mean + SD,
n = 3 independent experiments. Difference is significant by one-way ANOVA, followed by
Tukey’s post-hoc test, *p < 0.05, **p < 0.01, ***p < 0.001.

3.3.3 Oxygen and palmitate availability during OGD/R induce glutathionylation
significantly
Next, we examined the impact of OGD followed by the repletion of glucose or
oxygen (OGD/R) on global glutathionylation levels. HL-1 cells overexpressing GS M4 and
treated with N3Ala were reoxygenated with or without glucose after OGD. When the cells
were reoxygenated without glucose (OGD/O), global glutathionylation levels were
significantly increased (Figure 3.3A, lane 1 vs. 2-3 and Figure 3.3B, lanel vs. 2). Similar to

glutathionylation, the ROS level, GSSG/GSH ratio, and NADP*/NADPH ratio were
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significantly elevated (Figure 3.3C-E). In contrast, the glutathionylation levels remained
low when the cells were reoxygenated with glucose (OGD/OG, Figure 3.3A, lane 1 vs. 4-5
and figure 3.3B, lane 1 vs. 3). Consistent with this observation, the ROS level, GSSG/GSH
ratio, NADP*/NADPH ratio, and cell viability (Figure 3.3C-F) remained unchanged. These
data indicate that oxygen availability is important for the induction of glutathionylation,
and glucose metabolism is necessary to restore redox homeostasis.

Previous literature has shown that after ischemia, the plasma level of fatty acid
elevates to high concentrations (1-3 mM). The increased fatty acid level can inhibit
glucose oxidation, which was shown to elevate the I/R injury in the perfused heart.22124
Therefore, to explore the effect of fatty acid concentration during reperfusion, HL-1 cells
were incubated with palmitate (bound to its carrier protein BSA) during reperfusion after
OGD. Glutathionylation levels were significantly increased compared to repletion without
palmitate (OGD/OG-BSA) (Figure 3.3B, lanes 4-5 vs. lanes 6-7). Similar to the
glutathionylation levels, ROS level, NADP*/NADPH ratio, and GSSG/GSH ratio (Figure 3.3C-
E) were significantly higher in the presence (OGD/OGF-BSA) versus the absence (OGD/OG-
BSA) of palmitate. Notably, compared to other conditions, cell viability was reduced upon
the addition of palmitate (Figure 3.3F). These data demonstrate a significant increase of
glutathionylation upon the addition of fatty acid during OGD/R, suggesting an adverse

effect of fatty acid on the perfused heart.1?
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Figure 3.3 — Glutathionylation increases upon the incubation of palmitate during OGD/R.
A-B) Global glutathionylation levels under OGD, OGD/O, OGD/0OG, OGD/OGF-BSA, or
OGD/OG-BSA in HL-1 mouse cardiomyocyte cells. C-F) Analysis of ROS, NADP*/NADPH
ratio, GSSG/GSH ratio, and cell viability respectively under OGD, OGD/O, OGD/OG,
OGD/OGF-BSA, or OGD/OG-BSA. Data represents the mean = SD, n = 3 independent
experiments. Difference is significant by one-way ANOVA, followed by Tukey’s post-hoc
test, *p < 0.05, **p < 0.01, ***p < 0.001.

3.3.4 Identification and quantification of glutathionylated cysteines upon the addition
of palmitate during OGD/R
Since palmitate availability during OGD/R induces a significant level of global
glutathionylation, we applied our isotopically labeled clickable glutathione approach to
identify specific cysteines undergoing glutathionylation and to quantify the extent of
modification.'?® In this approach, HL-1 cells overexpressing GS M4 were incubated with

isotopically labeled heavy or light N3Ala to metabolically synthesize isotopically labeled
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clickable glutathione with a +4 Da isotopic mass difference (Figure 3.4).128 Cells labeled
with heavy or light N3Ala were subjected to OGD/R with or without palmitate (Figure 3.4,
steps 1 and 2). After cell lysis, equal amounts of cell lysates were combined. Cell lysates
were subjected to a click reaction with biotin-DADPS-alkyne, and glutathionylated
proteins were enriched using streptavidin-agarose beads. After trypsin/LysC digestion on
beads, glutathionylated peptides were eluted and subjected to LC-MS/MS analysis (Figure
3.4). Individual pairs of glutathionylated peptides with +4 Da isotopic mass difference
were identified (in at least two out of three replicates), and the peptides were quantified

to give a ratio (Rn,., Figure 3.4) using Skyline software.103
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Figure 3.4 — Scheme for the identification and quantification of glutathionylated peptides
upon addition of palmitate during OGD/R.

We carried out two sets of experiments, E1 and E2, to quantify the impact of
palmitate on glutathionylation of specific cysteines upon addition of palmitate during

OGD/R. Under E1 conditions, heavy and light N3Ala treated samples were subjected to
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identical stress conditions (OGD/OGF-BSA, Figure 3.5A), which is expected to give Run
values close to 1 by inducing identical levels of glutathionylation. These conditions were
used to validate our quantification strategy. E2 conditions were used to relatively quantify
glutathionylation levels upon the addition of palmitate during OGD/R. In this case, heavy
and light NsAla treated samples were induced with different OGD/R conditions
(OGDR/OGF-BSA and OGD/OG for heavy and light samples, respectively). We identified
249 pairs of peptides under the E1 condition and 194 pairs under the E2 condition with
their Ry values. For the E1 experiment, the median Ry, value was 0.87 (90% of Ry values
in the range of 0.6-1.4, Figure 3.5B left). The median CV value for E1 was 14.6% (80% of
CVin the range of 1 — 43%, Figure 3.5B right), supporting relatively consistent Ry, values
between replicates. In contrast to E1, the median Ry, value of E2 was 5.15 (Figure 3.5
left), supporting the observation that the level of glutathionylation increases upon the
addition of palmitate. Also, E2 showed a median CV value of 50.2% (80% of CV in the
range of 12-88%, Figure 3.5B right). This relatively high CV value was due largely to low
glutathionylation signals detected in light-labeled peptides. In the E2 experiment,
individual glutathionylated peptides showed a wide distribution of Ry, upon addition of
palmitate during OGD/R (Figure 3.5C top). Figure 3.5C (bottom) shows MS1 peaks for
individual identified peptides, such as pyruvate carboxylase (PYC) C55 and aldolase
(ALDOA) €338, with fairly low Ry values (0.83 and 2.25, respectively) and BAG3 C184,

cortactin (CTTN) C111, and CTTN C245 with significantly high Ry, values (9.66, 11.0 and
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18.9, respectively), highlighting their differential susceptibilities for glutathionylation in

response to fatty acid availability.
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Figure 3.5 - Identification and quantificatlon of glutathlonylated peptldes upon incubation
of palmitate during OGD/R. A) Experimental conditions and the number of
glutathionylated peptides identified under E1 and E2 conditions. B) Ry, values and CV of
glutathionylated peptides. C) Ruu value distribution of individual glutathionylated
peptides (top) and MS1 peaks showing relative quantification of heavy (blue) to light (red)
azido glutathione labeled peptides (bottom).

3.3.5 Bioinformatic analysis of glutathionylated peptides associated with sarcomere,
mitochondria, and cardiomyopathy
DAVID GO analysis was used to examine the localization of all the identified
proteins (n=248) and revealed that a majority of these proteins are localized in the
cytoplasm (62.5%), followed by the membrane (51.6%), nucleus (43.5%), mitochondria
(22.5%) and endoplasmic reticulum (9.6%). We carried out STRING and cluster analyses
to identify major protein clusters impacted by glutathionylation.'3® We identified a large

cluster of proteins related to cytoskeleton organization and remodeling with a median
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Ru/L value of 6.0 (Figure 3.6, left). Proteins identified in the cluster include G protein
subunits [Gnb2 C182 (Ru, 9.18) and Gnb1 C204 (Ru, 5.50)], GTPase for actin filament
remodeling [Racl C178 (Ru/.5.33) and RhoA C16 (Ru, 5.13)], actin-binding and structural
constituents [Capzb C206 (Ru/ 7.17), Sptanl C315 and C1622 (Ry,. 4.96 and 5.14), Tinl
C1087, C1939 (Ru, 1.55, 5.36)], and myosin motor proteins [Myh9 C988 (Ru,. 9.62) and
Myl6 C2 (Ru/L9.05)]. These results suggest that glutathionylation of these proteins may
alter the dynamics of cytoskeletal structural organization, which is important for the
contractility of muscle myofibrils and sarcomere function.

Another large cluster of proteins associated with translation was identified with a
median Ry, value of 6.0 (Figure 3.6, middle). This cluster includes proteins, such as
translation initiation and elongation factor proteins [Eif3g C139 (Ry,.13.7) and Eef2 C693
(Rn/L 8.44)] and ribosomal proteins. We also identified an additional cluster of proteins
associated with carbohydrate metabolism with a Ry of 6.0 (Figure 3.6, right). This cluster
includes glycolytic proteins [LDHA C163 (Ru/ 9.67), PGK1 C50 and C316 (Ru, 3.71 and

7.52), and GAPDH C245 and C22 (Ru. 6.14 and 7.45)].
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Cytoskeleton organization & Translation Carbohydrate metabolic
remodeling process

Figure 3.6 — Major biological processes associated with glutathionylated proteins
identified through the DAVID GO database. Glutathioinylated proteins with low Ry
values (below 50%) are shown in gray spheres, and proteins with high Ry values [above
50% and NL (no light labeled found)] are shown in magenta spheres.

During I/R, oxidations of sarcomeric and mitochondrial metabolic proteins impact
cardiac contractility. Therefore, we analyzed sarcomeric and mitochondrial proteins
undergoing glutathionylation. Using DAVID GO analysis, we identified 24 sarcomeric
proteins (11% among 221 proteins with Ry value > 2, Table B.3.1) with a median Ry
value of 6.8 (Figure 3.7, left). Major protein clusters were identified using STRING and
cluster analysis. Proteins identified in the major clusters include contractile proteins
(MYBPC3 C715 and MYL3 C74), chaperone and E3 ligases that regulate protein stability
(BAG3 C185 and Stub1 C200), and sarcomeric structural proteins that interact with actin
filaments (FLNC C1349 and C713, CAPZB C206, ACTN1 C370, and SPTAN1 C315 and 1622)
(Figure 3.7, left). Glutathionylation of these sarcomeric proteins suggests they may have
an impact on the structural integrity and contractility of myofibrils upon I/R.

By applying DAVID GO analysis, we also identified 44 mitochondrial proteins (20%

among 221 proteins with their Ry value > 2, Table B.3.2). STRING and cluster analysis of
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these 44 proteins identified protein clusters in electron transport chain (ETC) subunits and
ATP synthase (SDHC C107, NDUFS1 C727, and ATP5H C101), ATP transport, and ion
channel (SLC25A4 C160, SLC25A5 C160, VDAC3 C65, and VDAC2 C77 and C48), and
tricarboxylic acid cycle (TCA) metabolic enzyme (OGDH C395, MDH2 C275, and PCCA
C107) (Figure 3.7, middle). Glutathionylation of these identified proteins may reduce ATP
production and alter mitochondrial membrane permeability, leading to impaired
mitochondrial function during I/R.%31

We also compared all glutathionylated proteins (221 proteins with Ry, value > 2,
termed the glutathionylation network) with all the proteins relevant to cardiomyopathy
imported from STRING disease query (2000 proteins, termed the cardiomyopathy
network). We identified 66 glutathionylated proteins associated with cardiomyopathy
(30% among 221 proteins with Ry, value > 2, Table B.3.3). STRING and cluster analyses of
these proteins identified protein clusters involved in protein stability with a chaperone
and E3 ligase (BAG3 C185 and Stubl C200), cytoskeleton remodeling and organization
[Racl C178, RhoA C16, Myh9 C988, and Myl6 C2), and ATP production with TCA and ETC
(SDHC C107, NDUFS1 C727, and ATP5H C101) (Figure 3.7, right). Glutathionylation of

these proteins may be associated with cardiomyopathy.
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Figure 3.7 — Bioinformatic analysis of glutathionylated proteins identified upon addition
of palmitate during OGD/R. Sarcomere and mitochondria-associated proteins were
identified from the DAVID GO database. Cardiomyopathy-associated proteins were
identified by cardiomyopathy disease query in STRING analysis. Glutathioinylated
proteins with low R/ values (below 50%) are shown in gray spheres, and proteins with
high Ru, values [above 50% and NL (no light labeled found)] are shown in magenta
spheres.

Finally, we examined whether glutathionylated cysteines (n = 249) or their
adjacent residues (+1 position) were linked to any muscular disorders using the UniProt
database.'3? In this analysis, we used the human orthologs of the identified proteins. We
found that mutations of 18 cysteines or their adjacent residues were associated with
muscular dystrophy or neuromuscular diseases (Table B.3.4). Interestingly, mutations at
the cysteine position of seven identified proteins were associated with cardiomyopathy,
suggesting that the glutathionylation at those cysteine positions may yield adverse

functional effects during I/R.
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3.3.6 Validation of proteomic data by pull-down analysis

We selected two proteins identified above (Desmin and BAG3) to validate their
glutathionylations at specific cysteine residues in response to OGD/OGF-BSA. Desmin
(DES) is the major intermediate filament protein associated with Z-disks in muscle cells,
and it is important in maintaining elasticity and providing mechanical strength in the
sarcomere.04106 Mytations in DES are linked to myofibrillar myopathy (desminopathy).'33
DES has only one cysteine (C332), and it was found to undergo glutathionylation in our
analyses.'® BAG3 is a co-chaperone protein expressed in cardiac and skeletal muscle,
which is important in protein folding, cell cycle regulation, inflammation, and
apoptosis.t3> 136 Different functional roles of BAG3 are associated with its functional
regions, namely the Bcl2-associated athanogene (BAG) domain, isoleucine-proline-valine
rich (IPV) domain, tryptophan-rich (WW) domain, and proline-rich (PXXP) domain.3>-138
Under stress, BAG3 stabilizes actin capping protein (CapzB) by shifting to the Z-disc of the
sarcomere.’®® BAG3 mutations are associated with cardiomyopathy, impaired Z-disc
integrity and myofibrillar myopathy.'4% 141 BAG3 (mouse) has three cysteines, C154, C185,
and C378. Among them, we found glutathionylation at C185 (C179 in human BAG3).

HL-1 cells overexpressing GS M4 were treated with N3Ala, and cells were subjected
to OGD/OG and OGD/OGF-BSA. Cell lysates were subjected to a click reaction with biotin-
DADPS-alkyne. Glutathionylated proteins were enriched using streptavidin-agarose
beads, eluted, and analyzed by wester. We found that OGD/OG did not significantly

induce the glutathionylation of DES and BAG3 (Figure 3.8A, lane 1 vs. 2 and Figure 3.8B,
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lane 1 vs. 2). In contrast, the addition of palmitate during repletion (OGD/OGF-BSA)
induced glutathionylation of both proteins (Figure 3.8A, lane 1 vs. 3 and Figure 3.8B, lane
1 vs. 3 respectively). To demonstrate glutathionylation at their specific cysteine sites, we
overexpressed WT and cysteine mutants of mouse DES (DES WT and DES C332S) and
human BAG3 (BAG3 WT and BAG3 C179S) in HEK293/GS M4 cells. Both DES WT (lane 4
and 5 vs. 6, Figure 3.8A) and BAG3 WT (lane 4 and 5 vs. 6, Figure 3.8B) showed
glutathionylation under OGD/OGF-BSA. In contrast, glutathionylation levels were
completely or partially reduced in DES C332S (lane 6 vs. 9, Figure 3.8A) and BAG3 C179S
(lane 6 vs. 9, Figure 3.8B), respectively, in the presence of palmitate during repletion

(OGD/OGF-BSA).
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Figure 3.8— Biochemical validation of protein glutathionylation. A) DES and B) BAG3
proteins. HEK293/GS M4 cells and HL-1 cells with and without overexpression of WT and
mutant proteins were subjected to stress (OGD/OG and OGD/OGF) to induce
glutathionylation. Cells were lysed and used in pull-down and western blot analyses.

3.4 Discussion
During I/R, mitochondrial ROS are known to cause muscle damage via oxidative

modifications of muscle proteins.'1® 142 Among different oxidative modifications, protein
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S-glutathionylation is an important reversible cysteine modification that protects proteins
from irreversible oxidative modifications and modulates protein-protein interactions.
Many proteins undergo glutathionylation in response to external stimuli such as H,0; and
glucose oxidase. However, protein glutathionylation in response to metabolic alterations
such as ischemia and I/R have not been studied extensively. In this chapter, we have
applied our clickable glutathione approach to investigate protein glutathionylation in
response to different metabolic alterations that mimic I/R.

To evaluate the global level of glutathionylation in response to ischemia and I/R,
we systematically altered the concentrations of O; and other nutrients. Depletion of
glucose under normoxia induces glutathionylation significantly compared to hypoxia.
Under hypoxia and OGD, there was no significant induction of the glutathionylation. This
difference may suggest that although hypoxia and OGD have adverse effects on muscles,
their outcomes may not be a characteristic of glutathionylation. In contrast to OGD,
reoxygenation after OGD (OGD/O) significantly increases the global level of
glutathionylation. Interestingly, glutathionylation was decreased upon incubation of
glucose during reoxygenation after OGD (OGD/OG). This observation supports the
importance of glucose for the restoration of redox homeostasis through the production
of NADPH. Next, we evaluated the addition of palmitate during reoxygenation, which has
previously been used as a model for ischemia and I/R injury.1?® 143 The addition of
palmitate and glucose during reoxygenation after OGD (OGD/OGF) induced a global

increase in of glutathionylation. Additionally, this treatment led to a reduction in cell
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viability compared to other conditions we evaluated. This observation agrees with
previous literature that demonstrates that an elevated level of fatty acid increases cellular
damages in the perfused heart.1?? 124 144 Nonetheless, the limitation of our study is that
these observations generated by an in vitro model using HL-1 cells may differ from an in
vivo model.

Then using our isotopically labeled clickable glutathione approach, we identified
glutathionylated cysteines with and without the addition of palmitate during
reoxygenation with glucose after OGD (OGD/OGF-BSA vs. OGD/0OG). We have identified
248 glutathionylated proteins with their specific cysteines. DAVID GO and cluster analyses
of these proteins found a major cluster of proteins involved in cytoskeletal structure and
organization, suggesting that glutathionylation of those proteins may be involved in
compromising the structural integrity of the cell. Since sarcomeric proteins are important
in contractile activity and their mutations are associated with muscle diseases, we
analyzed glutathionylated proteins associated with sarcomere and cardiomyopathy. We
identified 18 glutathionylated cysteines whose genetic variants are associated with
muscular disorders, suggesting glutathionylations of these cysteines has the potential to
alter their functions.

Finally, we validated our proteomic data using two proteins, DES and BAG3.
Mutations of DES and BAG3 are associated with cardiomyopathy and myofibrillar
myopathy. Our pull-down data validated the glutathionylation of C332 (mouse) of DES

and C179 (human) of BAG3. DES has three major domains, and C332 is located at the rod
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domain, which is important in the filament assembly.'3* C332 is the only cysteine in DES,
and it is conserved in other intermediate filaments, such as vimentin C328. Vimentin

shown to loses its filament integrity upon interaction with zinc.'4

Moreover,
glutathionylation at C328 of vimentin inhibits filament elongation.}*® Therefore,
glutathionylation at DES C332 is expected to result in a similar outcome. BAG3 has
multiple functional regions (BAG domain, IPV domain, WW domain, and PXXP domain).3>
138 C179 is close to poly-serine residues distant from BAG and PXXP domains that are
important in chaperone and autophagy activities.!*” Additional analyses of these
identified glutathionylated cysteines will be necessary to understand the functional
outcome and their association for the diseases.
3.5 Experimental Section
3.5.1 Cell culture and induction of glutathionylation

HL-1 cells cultured in Claycomb medium containing FBS (10%), penicillin (100
units/mL), streptomycin (100 ug/mL), norepinephrine (0.1 mM), and L-glutamine (2 mM)
in fibronectin-gelatin coated flasks. Cells were maintained in a humidified incubator
containing 5% CO, at 37°C. At 80% confluency, HL-1 cells were infected with Ad/GS-M4.
After 24 h, cells were incubated in a medium containing 0.6 mM L-azido-alanine for 20 h.
Cells were subjected to serum starvation for 12 h, and glutathionylation was induced
using different physiological stress conditions: [glucose deprivation (GD, 0 mM glucose),

hypoxia (1% 0;), oxygen-glucose deprivation (OGD, 1% O, and 0 mM glucose), and

oxygen-glucose deprivation followed by reperfusion (OGD/R)]. For hypoxia and OGD, a
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hypoxia chamber (Billups-Rothenberg, MIC 101) was used. For OGD/R, after OGD, cells
were reoxygenated with or without glucose (25 mM) in the presence or absence of
palmitate (1 mM conjugated with BSA, 0.17 mM). Cells were washed with cold PBS and
lysed with a lysis buffer containing 1% SDS, 100 mM LiCl, 100 mM HEPES (pH 7.6), 50 mm
N-ethylmaleimide (NEM), and protease inhibitor cocktail (Pierce). Cell lysates were
allowed to rotate for 30 minutes at 4°C, passed through 26-gauge needles 10 times, and
protein concentrations were determined using a Bradford assay.

3.5.2 Vector construction - Polymerase chain reaction (PCR)

BAG3 WT gene from the Gateway p3E vector was amplified by PCR using a forward
primer with Nhel restriction site (5" GTT GTT GCT AGC GCC ACC ATG AGC GCC GCC ACC
CACTCG CC 3’) and a reverse primer with FLAG tag, a stop codon, and Xhol restriction site
(5" GTT GTT CTC GAG CTACTT GTCGTCATC GTCTTT GTA GTC CGG TGC TGC TGG GTT ACC
AGG GGT GTC 3’). Plasmid DNA (~50 ng) was incubated with 10x pfu ultra-buffer (5 uL),
forward and reverse primers (1 uL from 10 uM stocks), and dNTPs (1 pL from 10 mM
stock). The final volume of the reaction mixture was adjusted to 49 pL by adding
autoclaved water. Pfu Ultra-Enzyme (1 uL, Agilent) was added, and the reaction mixture
was mixed well. The tube was incubated for 35 cycles in a thermocycler (Table 3.1).

Amplified DNA was purified using PCR purification kit (Thermo Fisher).
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Table 3.1 PCR program for QuikChange mutagenesis

Cycle Temp (°C) Time # of cycles
Initial denaturation 95 5 min 1
Denaturation 95 45 s

Annealing 67 45 s 35
Extension 72 1.5 min

Final extension 72 10 min 1
Store 4 Hold

3.5.3 PCR purification

Amplified DNA was purified using a GeneJET PCR purification kit (Thermo
Scientific) according to the manufacturer’s instructions. An equal volume (50 uL) of
binding buffer was added to the completed PCR mixture (50 pL) and mixed thoroughly.
The reaction mixture was transferred to a GenelET purification column and centrifuged
at 13,000 rpm for 1 minute. Wash buffer (700 pL) was added to the purification column
and centrifuged for 1 minute at 13,000 rpm. The flow-through was discarded, and the
column was centrifuged for an additional 1 minute. The purification column was
transferred to a micro centrifuge tube. After addition of elution buffer (50 L), the column
was centrifuged for 1 minute at 13,000 rpm. Purified DNA was stored at -20°C.
3.5.4 Restriction digestion

The BAG3 WT gene was inserted into the pcDNA 3.1 mammalian vector after
restriction digestion with Nhel and Xhol enzymes. The PCR amplified WT gene (1 pg) and
the pcDNA 3.1 vector (1 ug) were seperately incubated with 10x cutsmart buffer (5 pL,

NEB) and restriction enzymes (Nhel and Xhol, 1 uL). The final volume of the reaction
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mixtures was adjusted to 50 pL with autoclaved water and mixed well. The reaction
mixture was incubated at 37°C for 1 h. The digested plasmid and the gene were purified
by PCR purification.
3.5.5 Ligation

Ligation between digested vector and insert was carried out using quick ligase
enzyme (NEB) according to the manufacturer’s instructions. Digested BAG3 WT and
pcDNA 3.1 were mixed in a 1:3 ratio (0.02 pmol: 0.06 pmol) with 2x quick ligase buffer (10
pL) and Quick Ligase enzyme (1 pL). The reaction volume was adjusted to 20 pL with
autoclaved water and incubated at room temperature for 5 minutes. After 5 minutes, the
reaction mixture was chilled on ice, transformed into DH5a cells and plated on agar plates
containing ampicillin (50 pg/mL) according to the protocol described in Chapter 2 section
2.5.5. Single colonies were inoculated in LB media containing ampicillin (50 pg/mL)
overnight, purified using GenelET plasmid purification kit, and the ligation was confirmed
by DNA sequencing.
3.5.6 Site-directed QuikChange mutagenesis

Cysteine to serine mutants for DES (Origene) and BAG3 (Addgene) were generated
by QuikChange mutagenesis according to the general QuikChange protocol in Chapter 2,
section 2.5.4.

Forward and reverse QuikChange primers are listed in Table 3.2.



75

Table 3.2 — QuikChange primers for DES and BAG3

Mutation | Primer Primer sequence 5’-3’
DES Forward C CAG ATC CAG TCC TAC ACC TCC GAG ATT GAT GCC CTC AAG
C332S G
Reverse CCTT GAG GGCATCAAT CTC GGA GGT GTAGGA CTG GATCTG
G
BAG3 Forward CCA GCT GCC TCT GACTCCTCATCCTCATCCTCC
C179sS Reverse GGA GGA TGA GGA TGA GGA GTC AGA GGC AGC TGG

3.5.7 Bacterial transformation

General transformation protocol was conducted as described in Chapter 2, section

2.5.5.

3.5.8 Lipofectamine transfection

General lipofectamine transfection protocol was performed as described in

Chapter 2, section 2.5.8.

3.5.9 Virus infection

General virus infection protocol was performed as shown in the Chapter 2, section

2.5.10.

3.5.10 Bradford assay

Bradford assays were performed as described in Chapter 2, section 2.5.9.

3.5.11 Click reaction for the detection of glutathionylation

Click chemistry was performed as presented in Chapter 2, section 2.5.12.
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3.5.12 ROS detection by MitoSOX assay

Intracellular ROS levels were measured using MitoSOX red reagent (Sigma,
M36008). HL-1 cells were induced or uninduced with different physiological stress
conditions (GD, hypoxia, OGD, and OGD/R). Cells were then washed with PBS and
incubated with MitoSOX red reagent (5 uM) in DMEM without phenol-red for 10 minutes
in the dark. Cells were washed with PBS, and fluorescence intensities were detected with
a microplate reader (BioTek) set to 510 nm excitation and 595 nm emission wavelengths.
3.5.13 NADPH quantification assay

Intracellular NADP*/NADPH levels were determined using the NADP*/NADPH
guantification kit (Sigma, MAKO38) according to the manufacturer’s instructions. HL-1
cells were induced or uninduced with different physiological conditions (GD, hypoxia,
OGD, and OGD/R). Cells were then lysed using NADP*/NADPH extraction buffer. For the
detection of total NADP*, cell lysates (50 uL) were incubated with NADP* cycling enzyme
mixture in an NADP* cycling buffer (100 pL) and NADPH developer (10 uL) for 1 hour at
room temperature. The absorbance values were measured at 450 nm using a microplate
reader (BioTek). Lysates were heated at 60°C for 30 min to decompose all NADP* for the
detection of NADPH.
3.5.14 Intracellular glutathione assay

Intracellular glutathione levels [reduced (GSH) and oxidized glutathione (GSSG)]
were determined using a GSH colorimetric assay kit (BioVision, K261) according to the

manufacturer’s instructions. HL-1 cells were induced or uninduced with different
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physiological stress conditions (GD, hypoxia, OGD, and OGD/R). Cells were then lysed and
incubated with glutathione reductase (20 uL), NADPH generating solution (20 uL), and
glutathione reaction buffer (120 uL) for 10 min at room temperature. The absorbance
values were measured at 405nm using a microplate reader (BioTek). To detect the
reduced form of glutathione, glutathione reductase was replaced with glutathione
reaction buffer (20 uL).
3.5.15 Cell viability assay

A trypan blue assay was used to determine cell viability. HL-1 cells were induced
or uninduced with different physiological stress conditions (GD, hypoxia, OGD, and
OGD/R). Cells were then detached using 0.05% trypsin and diluted with the cell culture
medium. Medium containing the cells (100 plL) was mixed with trypan blue reagent (100
ul, 0.4%). The mixture (20 uL) was loaded onto the slide and analyzed by an automated
cell counter (TC 20, Bio-Rad) to determine the viable cell percentage.
3.5.16 Pull-down analysis

Pull down of glutathionylated proteins was achieved as described in Chapter 2,
section 2.5.15.
3.5.17 Proteomic sample preparation

Proteomic samples were prepared as in Chapter 2, section 2.5.17.
3.5.18 LC-MS/MS analysis

LC-MS/MS analyses were conducted as described in Chapter 2, section 2.5.18.
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3.5.19 Proteomic data analysis

Proteomic data analysis by MaxQuant and SkyLine was performed as described in
Chapter 2, section 2.5.19.
3.5.20 Bioinformatic analysis

STRING and cluster analyses were carried out using Cytoscape software. First,
identified mouse proteins (proteins with Ry, value > 2) were converted to human
equivalents and loaded into the STRING program as a “glutathionylation” network. Then
a “cardiomyopathy” network was loaded from STRING disease search. To identify
cardiomyopathy-relevant proteins, the glutathionylation network was merged with the
cardiomyopathy network. The merged network was then clustered using MCL clustering
with a granularity parameter of 4 and array source from the score. To identify sarcomere
and mitochondria-associated proteins, the protein list in the glutathionylation network
was loaded into the DAVID Gene Ontology (DAVID GO) program and analyzed. Then
sarcomere and mitochondria-associated proteins were clustered as described above.
UniProt database (feature viewer and variants) and polyphen-2 program were used to

analyze disease relevance.
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CHAPTER 4: PROTEOMIC APPROACH FOR QUANTIFICATION OF GLUTATHIONYLATED
AND NON-OXIDIZED CYSTEINES

4.1 Introduction

Oxidative stress can induce reversible and irreversible oxidative modifications in
redox-sensitive proteins by modulating structural or functional changes.?? Moderate
stress conditions can cause reversible oxidative modifications that protect proteins from
irreversible modifications. In contrast, excessive stress can trigger irreversible oxidative
modifications on proteins associated with permanent damage to protein structure and
function.®? 148 Among the twenty amino acids, cysteine is the most susceptible amino acid
to undergo oxidative modifications.?% 8 4% There are two factors that determine the
susceptibility of cysteine residues to undergo modifications: 1) solvent exposure or
accessibility of thiol group, and 2) reactivity of the cysteine residue. Solvent accessibility
is determined by the relative ease of a cysteine side chain to be exposed to the solvent,
depending on the secondary or tertiary structure of the protein.8? Cysteine residue
reactivity is determined by the neighboring amino acids. Cysteine residues remain largely
protonated under physiological pH conditions because of their pK, value of ~8.3.
However, neighboring basic amino acids in redox-sensitive proteins can depress this pKa
value, making them more nucleophilic and susceptible to oxidative modifications.8% 130

Among different oxidative protein modifications, S-glutathionylation is an
important reversible post-translational modification that regulates many fundamental

biological processes.?* 11-153 Glutathionylation is the formation of a mixed disulfide bond
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between protein cysteine and glutathione.8V 8 154 155 Glutathionylation can occur under
both physiological and pathological conditions, highlighting its role in cellular signaling
events, regulating protein functions, and protecting proteins from over oxidation.82-8% 156,
157 protein sulfhydryls show differential susceptibility to glutathionylation even within the
same protein.8> 8 Only a small portion of cysteinescan undergo glutathionylation
depending on their chemical and physical properties.®? Identification and quantification
of specific cysteines undergoing glutathionylation in living cells is important for identifying
molecular targets involved in regulating cellular functions.>* 158

Over the years, a number of methods have been developed to characterize
protein glutathionylation. Some methods include radioactive (3°S) labeling of the
glutathione and visualization with an anti-glutathione antibody.>? 8% 84 154 However, the
specific site of modification cannot directly be identified using these methods.®*
Therefore, mass spectrometry techniques methods conjugated with chemical derivatives
have been developed for the mapping and relative quantification of glutathionylated
cysteines. These are indirect approaches that use modified biotin tags (N-ethylmaleimide-
biotin tag, or biotinylated glutathione tag) and iodoacetyl- tandem mass tagging (TMT).>®
81,84,159, 160 However, the reduction of glutathionylation in these indirect approaches may
involve the removal of reversible modifications other than glutathionylation on cysteines,
making these methods nonspecific for the identification of glutathionylated sites only.3

Our lab previously developed a proteomic approach to identify and relatively quantify

glutathionylated proteins directly with their specific cysteine residues.?”- 8 128 We have
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identified and relatively quantified over 1300 glutathionylated cysteines that emerge
upon addition of H;0; in HL-1 mouse cardiomyocyte cell line. In our quantification
strategy, the approach analyzes how much glutathionylation is increased on each cysteine
before and after oxidative stress, i.e., a fold increase of glutathionylation. However,
current approaches do not analyze the level (or percentage) of glutathionylation on each
cysteine, i.e., a relative portion of glutathionylation versus non-glutathionylation on each
cysteine, which is important information to predict and understand the biological
significance of glutathionylation on the identified cysteines.
4.2 Approach

In this Chapter, we have devised a strategy with clickable glutathione that enables
us to compare the levels of glutathionylation versus non-glutathionylation (unmodified
or reduced form) on each cysteine using mass spectrometry. We have designed and
synthesized a cysteine-reactive or electrophilic clickable glutathione derivative (L-N3-GS-
SPy) that can react with the reduced cysteine to form the same structure as in
glutathionylation (Figure 4.1). We envisioned that heavy-labeled clickable glutathione
could be used to form glutathionylation on individual cysteines after oxidative stress
while the remaining unmodified portion of the cysteines could be detected after reacting
or blocking with electrophilic N3-GS-Spy. This approach would yield the same structure as
glutathionylation, only with 4 Da mass difference that can be analyzed by mass
spectrometry. First, using purified proteins, we have demonstrated that upon

glutathionylation of cysteines with heavy azido-glutathione, the electrophilic or blocking
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GSH derivative can react with unmodified cysteines effectively and enables the
guantification of glutathionylation compared to unmodified glutathionylated cysteines.
In addition, we have evaluated the electrophilic clickable glutathione in two different cell
lines. Finally, we have applied this quantification approach on the C2C12 mouse skeletal
muscle cell line and identified 1,518 glutathionylated cysteines with their Ry values upon
the addition of H,0,. We have identified additional 1174 cysteines that reacted only with

our electrophilic clickable glutathione.
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Figure 4.1 — L-Azido-glutathione and cysteine blocking clickable glutathione (L-N3-GS-SPy)

4.3 Results
4.3.1 Design and synthesis of the electrophilic clickable glutathione (L-N3-GS-SPy)

We previously developed a mass spectrometry-based method to identify and
relatively quantify the glutathionylation in HL-1 cardiomyocyte cell line using isotopically
labeled heavy and light azido-alanine.'?® 151 We envisioned that after proteins were
glutathionylated with heavy azido-glutathione (Figure 4.2 A) and unmodified cysteines
were blocked with our electrophilic clickable glutathione that mimics the structure of

light azido-glutathione (Figure 4.2 B), we will be able to quantify glutathionylated
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cysteines compared to the unmodified cysteines with an isotopic mass difference.

Therefore, we have designed a cysteine-reactive electrophilic clickable glutathione (Ns-

GS-SPy) that contains a light azido-glutathione bound to a 2-thiopyridine by a disulfide

linkage (Figure 4.1). Light azido-glutathione was synthesized by an enzymatic reaction

using light azido-alanine and y-glutamyl cysteine in the presence of GS M4. Light azido-

glutathione was reacted with 2,2-dithiodipyridine for the chemical synthesis of L-N3-GS-

Spy.
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Figure 4.2 — Reactions of cysteine blocking clickable glutathione and glutathione with
proteins. A) Reaction of cysteine blocking clickable glutathione forms a mixed disulfide
bond between protein and L-azido glutathione. B) Reaction of H-azido glutathione with
protein forms a mixed disulfide bond between protein and H-azido glutathione

(glutathionylation).
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4.3.2 Evaluation of L-N3-GS-Spy to block unmodified cysteines with purified proteins

N3-GS-Spy was evaluated for its ability to block unreacted cysteines using two
purified proteins, GSTO1 and CSRP3. Glutathionylation was induced in purified GSTO1
protein in the presence of heavy azido-glutathione in vitro using different H.0;
concentrations. Subsequently, the GSTO1 protein were treatedwith L-N3-GS-Spy to react
with or block any remaining unmodified (reduced) cysteines. The protein was then
subjected to click reaction with biotin-DADPS-alkyne. Protein was digested with
trypsin/LysC, enriched using streptavidin-agarose beads, eluted by incubation with acid,
and analyzed by MALDI. Two peaks were identified with a 4 Da mass difference (1284.83
and 1288.87) that correspond to GSTO1 peptides (FC3, PFAER) conjugated with heavy or
light azido-glutathione (Figure 4.3A). Importantly, the signal intensity of heavy-labeled
peptide was increased with the increased concentration of H,0; (Figure 4.3A) versus light-
labeled peptide, which estimate the relative portion of glutathionylation on the given
cysteine over the increasing amount of H,0,. Identified cysteine residue is an active site
cysteine known to undergo glutathionylation.

A similar approach was applied to purified CSRP3 protein. Two peaks were
identified (1964.12 and 1968.12) with a 4 Da mass difference that correspond to peptides
(TVYHAEEIQC25s"NGR) conjugated with heavy or light azido-glutathione (Figure 4.3B).
Similar to GSTO1, the signal intensity of heavy-labeled peptide of CSRP3 versus light-
labeled one was also increased with the increased concentration of H,0; (Figure 4.3B).

These data suggest that our blocking reagent (L-N3-GS-Spy) can effectively be used for the
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guantification of glutathionylated cysteines compared to the unmodified portion with an
isotopic mass difference of 4 Da.
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Figure 4.3 — Evaluation of blocking reagent with purified proteins. A-B) Glutathionylations
of GSTO1 C32 and CSRP3 C25 increase with increasing H,0, concentration.

4.3.3 Evaluation of L-N3-GS-Spy with cell lines

The reactivity of L-N3-GS-Spy was evaluated with two cell lines, HEK293/GS M4

and C2C12 mouse skeletal muscle cell line®?, Cells were lysed using a lysis buffer
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containing NEM or L-N3-GS-Spy and subjected to click reaction with Cy5-alkyne.
Compared to the sample lysed in the presence of NEM, an intense fluorescence signal
was detected in the sample lysed with the buffer containing L-N3-GS-Spy (Figure 4.4A,
lanes 1 vs. 2 and 4 vs. 5). Increased concentration of L-N3-GS-Spy (10 and 20 mM) did not

change the fluorescence signal significantly (Figure 4.4A, lanes 2 vs. 3 and 5 vs. 6).
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Figure 4.4 — Evaluation of electrophilic clickable glutathione (L-N3-GS-Spy). A) cysteine
blocking by L-N3-GS-Spy in HEK293/GS M4 and C2C12 cell lines. B) Competition of L-Ns-
GS-Spy with NEM to block cysteines.

Then we carried out a competition assay to confirm the blocking of cysteines by L-
N3-GS-Spy in the presence of NEM. C2C12 cells were lysed with a lysis buffer containing
different concentrations of NEM and a fixed concentration of L-N3-GS-Spy. When the
concentration of NEM decreased, the fluorescence signal gradually increased (Figure

4.4B). This confirms the reactivity of L-N3-GS-Spy on the cysteines. These data
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demonstrate that L-N3-GS-Spy can be used to label unmodified reduced forms of
cysteines in cell lysates.
4.3.4 Identification and quantification of protein glutathionylation using an isotope-

labeled clickable glutathione with L-N3-GS-Spy

After confirming that L-N3-GS-Spy can block cysteines in a global level, we applied
our mass spectrometry-based clickable glutathione approach to identify and quantify
proteins undergoing glutathionylation. In this approach, after differentiation for five days,
C2C12 cells overexpressing GS M4 were treated with heavy azido-alanine. GS M4 utilizes
heavy azido-alanine for the synthesis of heavy azido-glutathione. Then the
glutathionylation was induced by the addition of H,0,. Subsequently, cells were lysed
with a lysis buffer containing L-N3-GS-Spy, and the lysates were subjected to click reaction
with biotin-DADPS-alkyne. Biotinylated glutathionylated proteins were enriched using
streptavidin-agarose beads and carried out trypsin digestion. Finally, the glutathionylated
peptides were eluted by acid cleavage of the DADPS linker, and samples were analyzed
by LC-MS/MS (Figure 4.5A). Heavy and light azido-glutathione modified peptide pairs
were identified with a 4 Da mass difference (found at least two times in triplicate
experiments). MS1 peak intensities of identified peptides were calculated using SkyLine
software to determine their Ry values. These Ru, values represent the level of
glutathionylation of individual peptides compared to their unmodified or reduced
portion. We have identified 1518 peptides labeled with both heavy and light azido-

glutathione (i.e., glutathionylated peptides) with their Ry, values (Figure 4.5B). The
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median Ru/ value for the glutathionylated peptides is 0.116 (90% in the range of 0.04-
0.32, Figure 4.5C left). Interestingly, we have identified additional 1174 peptides labeled
with light azido glutathione only (i.e., unmodified cysteines blocked by the electrophilic
clickable glutathione reagent Figure 4.5B). The median coefficient of variation (CV) for the
data set was 19.8% (80% of CV in the range of 9-40%). These CV values demonstrate the
relative consistency of Ry values between triplicate experiments. The distribution of Ryt
values and MS1 peaks of individual glutathionylated peptides show different levels of
glutathionylation upon the addition of H,0. (Figure 4.5D, E). For example, FLNC C1181,
CTTND1 C692, and ME1 C164 show relatively high Ry, values (3.67, 2.51, and 1.63,
respectively), representing a relatively high level of glutathionylation upon addition of
H,0; (Figure 4.5D, E). The data suggest that these cysteines are more reactive or sensitive
to undergo glutathionylation upon stress. FLNC C1062, VIM C328, and DES C332 show
relatively low Ry, values (0.04, 0.07, and 0.09, respectively, Figure 4.5D, E), suggesting
their relatively low level of glutathionylation and low reactivity or sensitivity to undergo

glutathionylation.
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Figure 4.5 — Identification and quantification of glutathionylated proteins in the C2C12
cell line. A) Scheme for the quantification of glutathionylated peptides compared to
unmodified cysteines. B) Number of glutathionylated (1,518) and nonmodified (1,174)
peptides. C) Plots of Ru, values and CV of glutathionylated peptides. D) Distribution of
Ru/L values of glutathionylated peptides. E) MS1 peaks showing relative quantification of
glutathionylated peptides (heavy/blue) over unmodified peptides (light/red).

4.3.5 Validation of data by pull-down and western blot analysis

We used catenin-delta 1 (CTNND1) to validate our proteomic data. CTNND1 is a
member of the catenin superfamily, armadillo repeat protein. It is important in signal
transduction and cell-cell adhesion.'®31> |n humans, CTNND1 is mainly expressed in

mesenchymal cells and epithelial cells.?®* The major function of CTNND1 is the
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stabilization of cadherin, the main cell-cell adhesion molecule.163 1% CTNND1 has a dual
role as a tumor inhibitor and a metastasis promoter depending on its subcellular
localization and stabilization of cadherin.1¢%168 Armadillo domain mediates the cell-cell
interactions of CTNND1 and C692 is located in one of the armadillo domains.®® From our
data, we found that C692 of CTNND1 undergoes glutathionylation. Based on its Ry, ratio
(2.61), C692 was selected as one of reactive and sensitive cysteine for glutathionylation.
We also identified two additional cysteines (C394 and C450) that only reacted with our
electrophilic clickable glutathione reagent, L-N3-GS-Spy, i.e., their Ry, values are zero in
mass analyses. To validate the glutathionylation of C692 and its sensitivity to
glutathionylation, we produced and used WT and cysteine mutants of CTNND1 (C394S,
C450S, and C692S). WT and cysteine mutant plasmids were overexpressed in HEK392/GS
M4 cells, and glutathionylation was induced with different concentrations of H,0: (0, 0.2,
0.5, and 1 mM). Glutathionylation signal was gradually increased in WT, C394S, and C450
mutant proteins with the increasing concentration of H,0; (Figure 4.6 lanes 1-4 and 4-8).
The glutathionylation signal of WT protein at low H.O; concentrations suggests the
relatively high reactivity of CTNND1 for glutathionylation. In contrast, glutathionylation
was significantly reduced in CTNND1 C692S upon H,0; incubation (Figure 4.6 lanes 9-12).
The reduced signal in C692S mutant confirms the higher tendency to glutathionylation at

C692 residue.
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Figure 4.6 Glutathionylation of CTTND1. HEK293/GS M4 cells overexpressing CTNND1 WT
and mutants were treated with azido-Ala (0.6 mM, 20 h) and glutathionylation was
induced by adding different concentrations of H.0; (0-1 mM). Cells were lysed, carried
out click reaction with biotin alkyne, enriched using streptavidin agarose beads, subjected
to western blot analysis and detected with flag antibody.

4.4 Discussion

Protein S-glutathionylation is an important reversible -post-translational
modification that regulates many fundamental biological processes. During the past
years, many methods have been developed to identify protein glutathionylation. But
methods for the quantification of glutathionylation have been limited. While a biotin-tag
method and iodoacetyl-TMT labeling method use two sets of samples for the relative
guantification of glutathionylation, our approach needs only one set of samples for the
guantification of glutathionylated cysteines compared to the unmodified cysteines.
Therefore, our approach enables the identification of potentially more reactive cysteines
toward glutathionylation . We have used GSTO1 and CSRP3 proteins to demonstrate that

L-N3-GS-Spy can be used to quantify protein glutathionylation with an isotopic mass
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difference of 4 Da. We used C2C12 mouse skeletal muscle cells for the quantification of
glutathionylation upon the addition of H.0,. We specifically selected the C2C12 cell line
because it has been widely used to study the skeletal muscle biology as a model cell line
due to its ability to develop into myotubes expressing contractile proteins after
differentiation.'®? 79 We have identified 1518 glutathionylated proteins upon the
addition of H,0; (1 mM). We have identified additional 1174 cysteines that are not
glutathionylated even after the addition of H.0,. Finally, we validated the
glutathionylation and reactivity of one protein CTNND1 identified from our proteomic
data.

4.5 Experimental Section

4.3.2 Synthesis of cysteine blocking clickable glutathione (L-N3-GS-SPy)

4.3.2.1 Enzymatic synthesis of light azido glutathione (N3GSH)

Light azido-glutathione (N3-GSH) was synthesized enzymatically using the GS M4
enzyme. L-azido-alanine (4 mM), y-glutamyl-cysteine (4 mM), ATP (10 mM) in Tris buffer
[200 mM tris (pH 7.4), 50 mM MgCl,, and 300 mM NacCl) were mixted with GS M4 (100
ng) to a final volume of 10 mL in a falcon tube and incubated for three days at 37°C with
rotation. After three days, the reaction mixture was acidified using trichloroacetic acid
(10%), centrifuged at 4,500 rpm to precipitate the enzyme and purified using HPLC. After
lyophilization of the positive fractions, oxidized azido-glutathione (N3GS-SGNs) was
obtained as a white solid. Oxidized azido glutathione was reduced using dithiothreitol

(DTT, 2 equivalents) in PBS (100 mM, pH 7.4) at room temperature for 1 h. The sample
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was purified using HPLC and lyophilized to obtain the reduced azido-glutathione as a
white solid.
4.3.2.2 Chemical synthesis of L-N3-GS-Spy

L-N3-GS-Spy was synthesized chemically using 2,2’-dithiodipyrdine. Azido-
glutathione (0.28 mmol, 1 equivalent) was dissolved in water (3 mL) and methanol (3 mL)
by stirring. After azido-glutathione was completely dissolved, 2,2’-dithiodipyridine (0.56
mmol, 2 equivalents) was added. The mixture was stirred at room temperature for 16 h.
After the reaction was completed, methanol was removed by rotary evaporation. The
remaining aqueous layer was extracted several times with dichloromethane to remove
excess 2,2’-dithiodipyrdine, and the aqueous layer was lyophilized to obtain a white

solid.'”% 172 Mass was confirmed by ESI-LC/MS (Figure 4.6).
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Figure 4.7 — ESI mass spectrum of L-N3-GS-Spy.
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4.5.2 Evaluation of L-N3-GS-Spy with purified proteins

Reactivity of L-N3-GS-Spy was evaluated with two purified proteins, GSTO1 and
CSRP3. The purified protein (100 pg) was incubated with heavy azido-glutathione (1 mM)
in PBS (1x, pH 7.4) for 30 minutes at room temperature to induce glutathionylation.
Protein was incubated with L-N3-GS-Spy (5 mM) and SDS (1%) for 30 minutes at 37°C to
react with unmodified cysteines. Then, proteins were precipitated by adding ice-cold
acetone (4x volume) and incubated at -20°C for 30 minutes. After centrifugation at 13,000
rpm for 3 minutes, the supernatant was removed, and proteins were resuspended in
resuspension buffer (40 uL) containing 10x PBS (pH 7.4, 5 uL), 10x SDS (1 pL), and water.
Pellet was completely dissolved by sonication. To the solution was added 5 mM biotin-
DADPS-alkyne (4 uL) and click solution (10 pL) [pre prepared by mixing 20 mM THPTA (5
uL) and 20 mM Cu(l)Br dissolved in DMSO/tBuOH (3:1, v/v; 5 uL)]. The mixture was
incubated for 1 h at room temperature. Proteins were precipitated by adding ice-cold
acetone (4x volume) and incubated at -20°C for 30 minutes. The mixture was centrifuged,
and the supernatant was removed. The pellet was resuspended in a buffer (100 pL)
containing 1.2% SDS in PBS (1x, pH 7.4) by sonication. The resuspended solution was
added to pre-washed streptavidin-agarose beads (20 uL) and incubated overnight at 4°C.
The next day, beads were washed with 0.2% SDS in PBS (1x, pH 7.4) and PBS (1x, pH 7.4)
three times each. Then the beads were incubated with denaturation buffer (200 pL)
containing 6 M urea and PBS for 45 minutes at 37°C. After removing the buffer, beads

were incubated with digestion buffer (50 pL) containing 2 M urea in PBS, 1 mM CaCly, and
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trypsin/LysC (1 pg) overnight at 37°C. Beads were washed three times with 0.2% SDS in
PBS, PBS, and water. Peptides were eluted by incubating beads with 10% formic acid (50
uL x 2) for 30 minutes and a final wash with another 50 pL of 10% formic acid. Three
eluates were combined, lyophilized, and analyzed by MALDI.
4.5.3 Cell culture with L-N3-GS-Spy

C2C12 cells (Sigma) were cultured in DMEM supplemented with FBS (10%),
penicillin (100 U/mL), and streptomycin (100 pg/mL) and incubated in a humidified
chamber with 5% CO;, at 37°C. Upon 100% confluency, cells were differentiated for 7 days
using differentiation media [DMEM supplemented with horse serum (2%, Sigma),
penicillin (100 U/mL), and streptomycin (100 pg/mL)]. Cells were lysed using a lysis buffer
containing 1% SDS, 100 mM LiCl, 100 mM HEPES (pH 7.4), L-N3-GS-Spy (0-30 mM), and
protease inhibitor cocktail. The lysates were allowed to rotate at 4°C for 45 minutes and
passed through a needle (26-gauge) 10 times. Protein concentrations of the lysates were
determined by Bradford assay as shown in Chapter 2, section 2.5.9.
4.5.4 Click reaction for the detection of fluorescence for blocked proteins

General click chemistry procedure was performed as shown in Chapter 2, section
2.5.12
4.5.5 Site-directed QuikChange mutagenesis

Cysteine to serine mutants for CTNND1 (Origene) was generated by QuikChange
mutagenesis. Forward and reverse QuikChange primers are listed in Table 4.1. General

Quikchange protocol is shown in chapter 2, section 2.5.4
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Table 4.1 — Quikchange primers for CTNND1

Mutation Primer Primer sequence 5’-3’

CTNND1 Forward CCTG CAACACTTATCCTACCGCAATGACAAGG
C394s Reverse CCTT GTC ATT GCG GTAGGATAAGTG TTG CAG G
CTNND1 Forward GCC ATA AAA AACTCT GAT GGT GTG CCT GCC C
C450s Reverse G GGCAGG CACACCATCAGAGTTTTT TAT GGC
CTNND1 Forward GCT ATC CAG AAC TTG TCT GCT GGG CGC TGG ACG
6925 Reverse CGT CCA GCG CCC AGC AGA CAA GTT CTG GAT AGC

4.5.6 Bacterial transformation

General transformation protocol is shown in Chapter 2, section 2.5.5

4.5.7 Virus infection

General virus transfection procedure is shown in Chapter 2, section 2.5.10

4.5.8 Proteomic sample preparation

After differentiation for five days, C2C12 cells were infected with Ad/GS M4. After
24 h, cells were incubated with heavy azido-alanine (0.6 mM) in differentiation media for
20 h. After 20 h, cells were treated with H,0, (1 mM) for 15 minutes and lysed with a lysis
buffer containing 1% SDS, 100 mM LiCl, 100 mM HEPES (pH 7.4), 10 mM L-N3-GS-Spy, and
protease inhibitor cocktail. The lysates were allowed to rotate at 4°C for 45 minutes and
passed through a needle (26-gauge) 10 times. Protein concentrations of the lysates were

determined by Bradford assay as explained in Chapter 2, section 2.5.9. Then the

proteomic samples were prepared as shown in Chapter 2, section 2.5.17

4.5.9 LC-MS/MS analysis

LC-MS/MS analysis protocol is shown in Chapter 2, section 2.5.18
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4.5.10 Protein identification and quantification
Proteomic data analysis by MaxQuant and SkyLine was performed as shown in

Chapter 2, section 2.5.19
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CHAPTER 5: FUNCTIONAL STUDIES OF CARDIAC PROTEIN GLUTATHIONYLATION
UNDER ISCHEMIC STRESS
5.1 Introduction
All vertebrates, including humans, have three major muscle types: cardiac,
skeletal, and smooth muscle. The basic functional and structural unit of the cardiac
muscle is a sarcomere. The sarcomere is mainly composed of thick and thin filaments that
are arranged between Z-lines.'’3 Z-line is mainly composed of a-actinin that anchors thin
filaments from neighboring sarcomeres. Thick and thin filaments are made up of myosin
and actin proteins, which provide the striated pattern to the cardiac muscle cells.1”® The
three-dimensional structure of thick and thin filaments is maintained by intermediate
filaments (IFs) that are attached to the periphery of the sarcomere. IF proteins are
encoded by about 70 genes, including vimentin, desmin, synemin, nestin, and plectin.3%
173-175 |F proteins are important in providing structural and functional support to the
cells. 174
Desmin is the major component in IFs.10> 106, 174178 pepending on the mode of
assembly, structural homology, and intracellular and tissue distribution, IF proteins are
divided into six subclasses. Desmin belongs to type lll, which also contains vimentin.13%
174,175,175-181 pesmin anchors many different cell structures like mitochondria, and nuclear

membrane, desmosomes and connect the sarcomeric Z-lines to the cytoskeleton.34 18-

187 As the integrator of these cell structures, desmin facilitates the mechanochemical
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signaling and crosstalk between the organelles.’®> 88 Desmin also plays a critical role in
maintaining the structural and mechanical integrity of sarcomere.’”’

All IF proteins have a common tripartite structure composed of a conserved
central helical rod domain, an N-terminus head domain, and a C-terminus tail domain.'3%
174,179, 186 Rod domain contains four a-helical domains: 1A, 1B, 2A, and 2B that are
separated by three non-helical linkers: L1, L12, and L2.19% 174 Rod domain is essential for
the polymerization of desmin monomers. The tail domain is important for the
construction of the assembled filamentous network.’’# Desmin filament assembly is a
stepwise process. Rod domains of two desmin monomers form a coiled-coil dimer. Two
dimers antiparallelly anneal to form tetramers. Eight tetramers laterally anneal to form
unit-length filaments (ULFs). Unit-length filaments are the building blocks of the long
desmin filaments. The ULFs fuse longitudinally to form mature desmin filaments (Figure
5.1).134 174 Desmin filaments are extremely dynamic, that they are very responsive to

extracellular and intracellular stimuli such as PTMs.174

/ Elongation .
— Desmin
- filament
&
Desmin Parallel Antiparallel Eight
monomer dimer tetramer tetramers=ULF

Figure 5.1 —Desmin filament assembles in a stepwise process. Figure adapted from
Agnetti et al. 2021 with permission from the copyrights clearance center.!’4
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Mutations in desmin gene or PTMs of desmin protein are associated with skeletal
and cardiac myopathies (desminopathy).179, 181-183, 185,186, 189, 130 Aoyt 70 mutations have
been reported so far that have been associated with desminopathy.’® 182 191 Majority of
these mutations are localized in the rod domain, which is important for the filament
assembly.?”® In addition to those mutations, it has been found that phosphorylation and
ubiquitination of desmin also regulate cellular homeostasis and heart disease.l’*
However, other PTMs such as glutathionylation and their effect on desmin function have
not been studied so far.

Desmin has only one cysteine residue (C332; mouse), and it is conserved with the
type lll IFs including vimentin (C328; mouse), the most extensively studied type Il IF
(Figure 5.2).179 191,192 G|ytathionylation and nitrosylation of C328 of vimentin has been
studied previously. Glutathionylation has been shown to inhibit the filament elongation
of vimentin.*® Therefore, we hypothesized that glutathionylation of C332 may have a
similar effect on filament assembly and elongation on desmin.

sp|P31001|DESM_MOUSE SKVSDLTQAANKNNDALRQAKQEMMEYRHQIQSYTCEIDALKGTNDSLMRQMRELEDRFA
sp|P20152 | VIME_MOUSE SKFADLSEAANRNNDALRQAKQESNEYRRQVQSLTCEVDALKGTNESLERQMREMEENFA

Figure 5.2 - Sequence alignment around desmin C332 with vimentin. C332 of desmin is
conserved with vimentin (C328).

5.2 Approach
From our previous proteomic analyses, we have identified that desmin is
undergoing glutathionylation.??® 16! To investigate the effect of glutathionylation on

desmin under ischemic stress, we have used HL-1 mouse cardiomyocyte cell line, adult
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rat cardiomyocytes, and neonatal rat cardiomyocytes. With or without overexpression of
desmin WT and desmin C332S mutant, glutathionylation was induced by ischemic stress
conditions such as GD, OGD, or OGD/R. Cells were then immunostained and observed
under a confocal microscope.
5.3 Results
5.3.1 Pull down and western blot analysis for desmin glutathionylation

HL-1 cells overexpressing GS M4 were treated with N3Ala, and cells were subjected
to OGD/OG and OGD/OGF. After lysis, cell lysates were subjected to click reaction with
biotin -alkyne. Glutathionylated proteins were enriched using streptavidin-agarose beads,
and western blot analysis was carried out. We found that the addition of palmitate during
repletion (OGD/OGF) induced glutathionylation of desmin compared to OGD/OG (Figure
5.3, lane 1 vs. 3). This confirms the glutathionylation of desmin under OGD/OGF. To
confirm the glutathionylation at the specific cysteine site, we overexpressed WT and
cysteine mutant of desmin (desmin WT and desmin C332S) in HEK293/GS M4 cells.
Desmin WT (Figure 5.3, lane 4 and 5 vs. 6) showed glutathionylation under OGD/OGF. In
contrast, glutathionylation levels were completely or partially reduced in desmin C332S
(Figure 5.3, lane 6 vs. 9) in the presence of palmitate during repletion (OGD/OGF).16! This

confirms the glutathionylation at C332 of desmin.
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Figure 5.3 — Glutathionylation of desmin C332 in response to OGD/OGF. HEK293/GS M4
cells and HL-1 cells with and without overexpression of desmin WT and mutant were
subjected to stress (OGD/OG and OGD/OGF). Cells were lysed and carried out pull-down
and western blot analysis.

5.3.2 Sarcomeric proteins lose myofibril stability upon oxidative stress in adult rat

cardiomyocytes

First, adult rat cardiomyocytes isolated from adult rats were subjected to stress,
glucose depletion (GD) for 20 h, oxygen-glucose depletion (OGD) for 4 h, or OGD for 4 h
followed by repletion of fatty acid (OGD/OGF) for 12 h. The cells were immunostained
with three different antibodies, titin, a-actinin, and desmin, and observed under a
confocal microscope. Under control conditions, where no stress was applied, all three
proteins displayed a parallel striated myofibril structure (Figure 5.4, A-C). When the cells
were subjected to OGD for 4 h, all three proteins could still maintain the myofibril integrity
(Figure 5.4, D-F). In contrast, upon GD or OGD/OGF, all three proteins showed a
misaligned and disoriented myofibril structure (Figure 5.4, G-I and K-M). This suggests

that all three proteins lost their myofibril integrity upon the ischemic stress.
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Figure 5.4 — Visualization of a-actinin, titin, and desmin in adult rat cardiomyocytes by
fluorescence imaging. Cells were subjected to A-C) no stress, D-F) OGD, G-I) GD, and K-M)
OGD/R. Cells were fixed and immunostained with the appropriate antibody.
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5.3.3 Desmin C332S recovers myofibril integrity upon oxidative stress in HL-1 mouse

cardiomyocyte cells

Desmin WT and C332S mutant were expressed in the HL-1 mouse cardiomyocyte
cell line. Cells were then subjected to stress, GD or OGD/OGF. Cells were then
immunostained with FLAG antibody and imaged using a confocal microscope. In control
samples, both WT and C332S mutant overexpressed cells have shown an intermediate
filament network spanning from the nucleus to the periphery of the cells (Figure 5.5, A
and B). However, under stress, desmin WT has shown the degeneration of the cell
structure and localization of desmin intermediate filaments to the nucleus (Figure 5.5, C
and E). Interestingly, upon the stress, the desmin C332S mutant was still able to maintain
its intermediate filament network spanning from the nucleus to the cell periphery (Figure
5.5, D and F). This data suggests that glutathionylation at C332 may interfere with the

filament elongation of desmin.
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Figure 5.5 - Visualization of desmin WT and C332S mutant in HL-1 cells by fluorescence
imaging. Cells overexpressing desmin WT and C332S mutant were subjected to A-B) no
stress, C-D) GD, and E-F) OGD/R. Cells were fixed and immunostained with FLAG antibody.
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5.3.4 Desmin C332S recovers myofibril integrity upon oxidative stress in rat neonatal

cardiomyocytes

Desmin WT and C332S mutant were expressed using mRNA in rat neonatal
cardiomyocytes. Cells were subjected to stress or GD for 20 h. Then the cells were
immunostained with FLAG antibody and imaged using a confocal microscope. Under the
control condition, where no stress was applied, both WT and C332S mutant of desmin
have shown a parallel and striated myofibril structure (Figure 5.6, A and B). In contrast,
upon the induction of stress by GD, WT desmin has shown a disoriented and misaligned
myofibril structure. This suggests that desmin lose its myofibril integrity upon subjecting
to stress. (Figure 5.6, C). Importantly, the desmin mutant was still able to maintain its
parallel and striated myofibril structure under both stress conditions (Figure 5.6, D). This
data further validates our hypothesis that bulky glutathione modification at C332 may

interfere with the desmin filament formation and elongation.
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Flag Desmin WT Flag Desmin C332S
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Figure 5.6 - Visualization of desmin WT and C332S mutant in rat neonatal cardiomyocytes
by fluorescence imaging. Cells overexpressing desmin WT and C332S mutant were
subjected to A-B) no stress, and C-D) GD for 20 h. Cells were fixed and immunostained
with FLAG antibody.

5.4 Discussion

Desmin is a type lll IF, which is important in maintaining the structural and
mechanical integrity of the sarcomere. Desmin is mainly localized in the periphery of the
Z-line, but it also spans to other cellular organelles such as mitochondria and nucleus.
Mutations and PTMs in desmin are well known to cause desminopathy. From our previous
proteomic data, we found that desmin undergoes glutathionylation under stress. Similar
to type lll Ifs, desmin has only one cysteine, C332. Desmin protein has three major

domains: N-terminus head domain, rod domain, and C-terminus tail domain. The Rod
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domain is involved in the desmin filament assembly, and C332 is located in the rod
domain. C332 of desmin is conserved with type Ill IFs such as vimentin (C328).

Previous studies have shown that glutathionylation of C328 inhibits the filament
elongation of vimentin. Therefore, glutathionylation at C332 of desmin is expected to
result in a similar outcome. We hypothesize that a bulky glutathionylation modification
at the rod domain may interfere with the desmin filament formation andinhibit the
filament elongation as seen in vimentin. Therefore, using adult and neonatal rat
cardiomyocytes and HL-1 mouse cardiomyocytes, we investigated how desmin responds
to different ischemic stress conditions. We have observed that endogenous and
overexpressed WT desmin loses its myofibril integrity upon stress induction by GD and
OGD/OGF. Interestingly C332S mutant of desmin maintained its parallel and striated
myofibril organization under GD and OGD/OGF, supporting our hypothesis that
glutathionylation at C332 may interfere with the desmin filament assembly and
elongation.

5.5 Methods
5.5.1 Adult rat cardiomyocyte isolation

Adult and neonatal rat cardiomyocytes were isolated according to a method
described previously.’®3 Rats and neonates (1-day old, Sprague Dawley) were used under
the guidelines of protocols approved by the Wayne State University Animal Care and Use
Committee. The heart was isolated after euthanasia and rinsed with ice-cold PBS. The

heart was digested in collagenase buffer [3 mL; 130 mM NaCl, 5 mM KCI, 0.5 mM
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NaH2P04, 10 mM HEPES, 10 mM glucose, 10 mM 2,3-butanedione monoxime (BDM), 10
mM Taurine, 1 mM MgCl,, 0.5 mg/mL collagenase 2, 0.5 mg/mL collagenase 4, and 0.05
mg/mL protease XIV] by teasing apart and triturating using a 1 mL pipette with wide-bore
tip. Then the stop buffer (5 mL; 130 mM NaCl, 1 mM MgCl2, 0.5 mM NaH2P04, 5 mM KCl,
10 mM BDM, 10 mM HEPES, 10 mM Taurine, 10 mM glucose, and 5% FBS) was added to
the tissue suspension to inhibit enzymatic digestion and pipetted for another 2 minutes.
Then the cell suspension was transferred to a 50 mL falcon tube, and the tube was stored
on its side to prevent cells from clumping. After 2 h, the cell suspension was passed
through a strainer (100 uM pore size) to remove undigested tissue debris. The strainer
was washed with stop buffer (5 mL), and cells were allowed to settle by gravity for 20
minutes. Cells were then resuspended sequentially in three calcium reintroduction
buffers (0.34, 0.68 and 1.02 mM Ca?*) before plating. The final myocyte pellet was
resuspended in culture medium [2 mL; M199 (Sigma), BSA 0.1%, BDM 10 mM, and
penicillin/streptomycin 1x]. Cells were counted using a hemocytometer. Cells (~50,000
cells/ well of 6 well plate) were plated in 6 well plates pre-coated with laminin (5 pug/mL
laminin in PBS) containing plating media (2 mL; M199, FBS 5%, BDM 10 mM, and
penicillin/streptomycin 1x). After 1 h, cells were washed with culture medium and
incubated with culture medium.

5.5.2 HL-1 cell culture and induction of glutathionylation

The general procedure is shown in Chapter 3, section 3.5.1
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5.5.3 Lipofectamine transfection

The general lipofectamine transfection procedure is shown in Chapter 2, section
2.5.8.

5.5.4 Desmin WT and desmin C332S mutant mRNA synthesis
5.5.4.1 Polymerase Chain Reaction (PCR)

PCR template for the mRNA synthesis was generated by amplifying desmin WT
and desmin C332S genes from pCMV6-entry vector. 5'- GCT CGT TTA GTG AAC CGT CAG
AA -3’ and 5’- G TTC AGG AAA CAG CTA TGA CCG C -3’ were used as forward and reverse
primers, respectively. General PCR procedure from Chapter 3 section 3.5.2 was used for
the amplification.
5.5.4.2 mRNA synthesis

MRNA synthesis was carried out using the mMESSAGE mMACHINE T7 ULTRA
Transcription Kit (Invitrogen, AM1345) according to the manufacturer’s instructions. First,
a capped transcription reaction was assembled at room temperature by mixing 2x NTP
(10 pL; a buffer solution containing ATP 15 mM, CTP 15 mM, UTP 15 mM, and GTP 15
mM), 10x T7 reaction buffer (2 pL), template DNA (0.2 pg) and T7 enzyme mix (2 pL). The
reaction volume was adjusted to 20 plL by adding nuclease-free water and incubated for
2 hat37°C.

Poly A tailing reaction was then assembled by mixing the capped transcription

reaction (20 uL), nuclease-free water (36 uL), 5x E. coli Poly(A) Polymerase | (E-PAP) buffer
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(20 pL), 25 MM MnCl; (10 uL), and ATP solution (10 pL). The reaction volume was adjusted
to 100 uL by adding E-PAP (4 pL) and incubated at 37°C for 45 minutes.

Finally, mRNA was recovered by phenol/chloroform extraction. The tailing
reaction was stopped by adding ammonium acetate stop solution (10 pL). The reaction
mixture was extracted first with an equal volume of phenol/chloroform and then with an
equal volume of chloroform. The aqueous phase was recovered and transferred to a new
tube. mRNA was precipitated by adding isopropanol (1x volume) and incubating at -20°C
for 15 minutes. mRNA was pelleted by centrifuging at 4°C for 15 minutes. The supernatant
was removed, and mRNA was resuspended in nuclease-free water.

5.5.5 mRNA transfection

Neonatal rat cardiomyocytes were transfected with desmin WT and C332S mutant
MRNA using lipofectamine MessengerMAX reagent (Invitrogen, LMRNAQO1) at 24 h after
plating. Cell culture media was removed and replaced with Opti-MEM medium (2
mL/well). In a sterile Eppendorf tube, lipofectamine MessengerMAX (3.75 uL/well) was
diluted in Opti-MEM medium (125 pL) and incubated for 10 minutes at room
temperature. In a separate sterile Eppendorf tube, mRNA (2.5 pg/well) was diluted in
Opti-MEM medium (125 pL). Diluted mRNA mixture was added to the diluted
lipofectamine MessengerMAX reagent and incubated for 5 minutes at room temperature.
After 5 minutes, the diluted mRNA-lipofectamine mixture was added to the cells and

incubated at 37°C in the incubator. After 6 h, the medium containing mRNA and
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lipofectamine was replaced by a fresh complete DMEM medium (3 mL) and incubated for
18 h.
5.5.6 Induction of stress

In adult and neonatal rat cardiomyocytes, stress was induced by applying GD and
OGD/OGF. After plating the cells, cells were subjected to serum starvation for 1 h. For GD,
cells were maintained in media without glucose for 20 h at 37°C in a humidified chamber.
After 20 h, the cells were used for immunostaining. For OGD/OGF, cells were maintained
in media without glucose for 4 h in a hypoxia chamber containing 1% O, at 37°C. Cells
were then reoxygenated with glucose (25 mM) and palmitate (1 mM) for another 12 h at
37°Cin a humidified chamber. After 12 h, cells were used for immunostaining.
5.5.7 Immunostaining and Imaging

After inducing stress, cells were washed with PBS and fixed with 4%
paraformaldehyde at room temperature for 10 minutes. Cells were washed with PBS (3x
with 5 minutes incubation) and incubated with permeabilization buffer (0.1% Triton x-100
in 1x PBS) for 15 minutes at room temperature. Cells were then washed with PBS (3x with
5 minutes incubation) and blocked for 30 minutes at room temperature using a blocking
buffer [3% BSA in PBST, (0.1% Tween-20 in 1x PBS)]. After blocking, cells were incubated
with the primary antibody in blocking buffer overnight at 4°C. Primary antibodies include
mouse a-actinin antibody (1:500; Abcam), rabbit titin antibody (Novus biologicals, Cat#
NBP 1-8807), rabbit desmin antibody (1:1000; Abcam) and mouse FLAG antibody (1:1000;

Sigma). Cells were washed with PBS (3x with 5 minutes incubation), incubated with
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secondary antibodies [anti-mouse Alexa fluor 488 (Invitrogen, A11001) or anti-rabbit
Alexa fluor 555 (Invitrogen, A27039)] for 1 h at room temperature and analyzed using the

confocal microscope (Zeiss LSM 780).
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CHAPTER 6: SUMMARY

Cardiovascular diseases are the number one cause of death in the United States.
A constant supply of oxygen and nutrient is essential for the survival of the heart.
However, atherosclerosis can limit the blood flow to the heart tissue causing oxidative
stress. Under oxidative stress, proteins can undergo different reversible and irreversible
post translational modifications. Especially, the cysteine residues can undergo oxidative
post-translational modifications such as glutathionylation. Glutathionylation is an
important regulatory reversible thiol oxidation. Identification and quantification of
glutathionylated proteins is important for the understanding of the molecular
mechanisms behind initiation and progression of many diseases. Our lab previously
developed a click chemistry-based method to detect and identify glutathionylation in cells
by synthesizing clickable-glutathione.

We have established a mass spectrometry-based strategy coupled with the
clickable glutathione approach in which two azido-Ala derivatives with isotopic mass
difference were used to metabolically synthesize isotopically labelled clickable
glutathione for the identification and quantification of glutathionylated proteins. We
applied this isotopically labeled clickable glutathione approach on HL-1 cardiomyocyte
cells to identify and quantify 1398 glutathionylated peptides upon the addition of H;0,.
Then we validated the glutathionylation of two identified proteins: desmin and a-actinin
with their specific cysteine residues. Since this mass spectrometry based clickable

glutathione approach enables the identification and quantification of glutathionylated
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cysteines, this approach can be applied for the profiling of hyper reactive or functional
cysteines in the proteins.

Ischemia or ischemic reperfusion is well-known to contribute to heart diseases.
During ischemia and reperfusion, a flux of nutrients and oxygen to cardiomyocytes is
altered, which causes a burst of ROS from mitochondria and other enzymes. Elevated
levels of ROS can cause oxidative modifications of cardiac proteins such as protein
glutathionylation. Despite previous extensive studies, proteomic identification of
glutathionylated proteins in cardiomyocytes under altered levels of nutrients and oxygen
has been relatively limited. We have applied our clickable glutathione to a HL-1
cardiomyocyte cell line under metabolic alterations of glucose, oxygen, and fatty acids.
We found that glucose is important for maintaining a redox homeostasis, while fatty acid
oxidation is one of major factors that induce a high level of glutathionylation during
reoxygenation. We have applied our isotopic clickable glutathione approach on HL-1 cells
upon addition of fatty acids during reoxygenation, identifying and quantifying 248
proteins undergoing glutathionylation. We carried out DAVID GO and cluster analysis on
these proteins and identified major clusters of proteins are sarcomere and mitochondria
associated proteins. This suggests that glutathionylation on these proteins may be
associated with the altered cardiac muscle integrity and impaired mitochondrial activity
during ischemia reperfusion. We also validated the glutathionylation of two identified
proteins: BAG3 and desmin with their specific cysteine residues under OGD/OGF

condition. Finally, we identified 18 glutathionylated cysteines whose genetic variants are
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associated with muscular disorders, suggesting glutathionylations of these cysteines have
the potential to alter their functions. We can further investigate the functional
significance of the glutathionylation of identified proteins for their association with
diseases such as cardiomyopathy and mitochondrial dysfunction.

Over the years, several methods have been developed to characterize protein
glutathionylation. Despite the significant advances in the field for developing these
methods to identify and relatively quantify glutathionylation, methods for the direct
guantification of glutathionylation compared to the unmodified cysteines have been
limited. We developed a proteomic approach for the direct quantification of
glutathionylated cysteines compared to the unmodified cysteines by designing and
synthesizing an electrophilic clickable glutathione reagent (L-N3-GS-SPy) that can react
with unmodified cysteine to form the same structure as glutathionylation. Using purified
proteins, we validated that the L-N3-GS-Spy can be used to block unreacted cysteines. We
have applied this quantification approach on C2C12 mouse skeletal muscle cell line and
identified 1518 glutathionylated cysteines upon the addition of H;0,. We identified
additional 1174 cysteines that were blocked by L-N3-GS-Spy. Finally, we validated the
glutathionylation and sensitivity to undergo glutathionylation of one of the identified
proteins from our proteomic data (CTNND1). Since this is a direct approach for the
guantification of the glutathionylated cysteines compared to their unmodified portion,
this approach can be used for the profiling of proteins that are susceptible to undergo

glutathionylation depending on their sensitivity.
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Desmin is the major component in intermediate filaments that plays a key role in
maintaining structural and mechanical integrity of the sarcomere. From our proteomic
analyses, we identified that desmin is undergoing glutathionylation under ischemic stress.
Using adult and neonatal cardiomyocytes, we further investigate the effect of
glutathionylation on myofibril integrity of desmin. We found that desmin lose its myofibril
integrity upon oxidative stress in both adult and neonatal cardiomyocytes. Interestingly
cysteine mutant of desmin recovers myofibril integrity in neonatal cardiomyocytes,
suggesting that bulky glutathione modification at the rod domain may interfere with the
desmin filament assembly. Desmin wild-type and mutant knock in cell lines can be
generated using CRISPR-Cas9 gene editing technology. Using the developed cell lines
further functional studies such as cell viability, myofibril integrity, and biochemical

stability can be carried out under different ischemic stress conditions.
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APPENDIX A — CHAPTER 2 SUPPORTING TABLE

Table A.2.1 - List of glutathionylated sarcomeric proteins with Ry, values

aGlutathionylated peptide — all cysteine numbers are from mouse

bNL— Light labeled peptides were not identified

. . - Run Run®
Accession # Name Glutathionylated peptide (1:1)  (1:0)
MVSDINNAWGCs70*LEQAEK 0.95 55.6
ACTN1_MOUSE actinin, alpha 1 IC480*DQWDNLGALTQK 0.85 24.0
IDQLECeo0*DHQLIQEALIFDNK 0.85 28.1
- Cas,*QLEINFNTLQTK 1.07 3.1
ACTN4_MOUSE  actinin alpha 4 ICs00* DQWDNLGSLTHSR 099 182
iﬁ?eiau'g':y SQSPAASDC155*SSSSSSASLPSSGR 064 128
BAG3_MOUSE chaperone SGTPVHC,95*PSPIR 0.66 4.90
VSSAPIPC373*PSPSPAPSAVPSPPK 0.61 NL
regulator 3
(c:ft?r']”f%:r;ossg NLSDLIDLVPSLCs6*EDLLSSVDQPLK 133 132
CAPZB_MOUSE muscle Z-line GC147*WDSIHVVEVQEK 1.16 16.2
! DETVSDC,06*SPHIANIGR 0.67 29.0
beta
cysteine and
CSRP3_MOUSE glycine-rich TVYHAEEIQCs*NGR 0.96 18.0
protein 3
DESM_MOUSE  desmin HQIQSYTCs3,*EIDALKGTNDSLMR 0.89 30.5
DYST_MOUSE dystonin ACs144*MQTFLK 0.93 NL
Cs*GQSAAVASPGGSIDSR 0.72 4.89
VQVQDNEGC;17*SVEATVK 1.04 99.0
FLNA_MOUSE filamin, alpha YTPC44:*GAGSYTIMVLFADQATPTSPIR 1.18 NL
AHVAPC1157*FDASK 0.75 22.6
VANPSGNLTDTYVQDCi312*GDGTYK 1.20 76.9
LYAQDADGC715*PIDIK 0.87 33.7
. . VCi067*AYGPGLK 0.99 108.7
FLNC_MOUSE filamin C, gamma VGVTEGCuses*DPTR 0.81 19.2
TPC2630*EEVYVK 0.75 35.7
myosin binding LTIDDVTPADEADYSFVPEGFACs19*NLSAK 1.19 82.0
MYPC3_MOUSE protein C, cardiac  LLC7;s*ETEGR 0.67 49.5
myosin, light ITYGQC74*GDVLR 0.69 2.61
MYL4_MOUSE polypeptide 4 MSEAEVEQLLSGQEADANGC1s0*INYEAFVK 1.07 15.5
myosin regulatory
MLRA_MOUSE light chain 2, EAFSC45*IDQNR 0.93 19.8

atrial
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Obscurin-like

OBSL1_MOUSE ) LEVEALPLOMCy715*R 084 7.06
protein 1
PDLI3_ MOUSE ' DZ3andLM AASYQLC77*LK 110 462
domain protein 3
PDLIS_ MOUSE " DZ3nd LM AC73*TGSLNMTLQR 090 224
domain protein 5
PYGM_MOUSE Muscleslycogen . . - GWQMEEADDWLR 081 156.3
phosphorylase
RYR2_MOusg  'Yanodine Ca0sa*SSLQQLISETMVR 0.88 NL
receptor 2
spectrin alpha,
_ ALCsis*AEADR 091 242
SPTN1_MOUSE zon'erythrocyt'c TYLLDGSCa235* MVEESGTLESQLEATK 0.58 NL
STIP1 homology
CHIP_mouse  2nd U-Box AQQACz0*IEAK 077  6.60
Contalnlng
protein 1
. DSASETYCs6*NK 0.87 NL
SYNE2_MOUSE  Nesprin-2 TAACs145*PNSSEVLYTNAK 096 13.7
LSVTVTGCas3s*PKPK 084 206
TSTEMSQEEAEGTLADLCazs0*PAVLK 099 157
L LDQAGEVLYQAC13260*NAITTAILTVK 086 8.64
TITIN_MOUSE  Titin FGCi706* GPPVEIGPILAVDPLGPPTSPER 1.41 NL
GCisas*EYVFR 105 321
MV Casasr*SSVAR 094 218
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APPENDIX B — CHAPTER 3 SUPPORTING TABLES

Table B.3.1 - List of glutathionylated sarcomeric proteins

NL — Light labeled peptides were not found

Accession Protein Name Peptide El E2
# Ru.  Run
P05064; Fructose-bisphosphate aldolase CQYVTEK 0.85 0.56
P05063 A;Fructose-bisphosphate aldolase C
P05064 Fructose-bisphosphate aldolase A ALANSLACQGK 0.88 2.25
P09541; Myosin light chain 4;Myosin light ITYGQCGDVLR 0.74 3.96
P09542 chain 3
Q62261; Spectrin beta chain, non- IHCLENVDK 0.99 4.14
P15508 erythrocytic 1;Spectrin beta chain,
erythrocytic
070468 Myosin-binding protein C, cardiac- LLCETEGR 1.36 4.24
type
P16546 Spectrin alpha chain, non- ALCAEADR 1.01 4.93
erythrocytic 1 GACAGSEDAVK 0.62 5.14
P63001; Ras-related C3 botulinum toxin AVLCPPPVK 0.86 5.33
P60764 substrate 1;Ras-related C3
botulinum toxin substrate 3
Q9WUD1 STIP1 homology and U box- AQQACIEAK 1.46 5.67
containing protein 1
QOD8E6 60S ribosomal protein L4 SGQGAFGNMCR 1.24 6.17
Q8BTMS8 Filamin-A VQVQDNEGCSVEATVK 1.40 6.27
CSGPGLSPGMVR 097 1.97
AHVAPCFDASK 1.66 6.57
VANPSGNLTDTYVQDCGDGT 1.13 7.21
YK
P47757 F-actin-capping protein subunit DETVSDCSPHIANIGR 0.92 7.17
beta
Q8VHX6 Filamin-C VCAYGPGLK 0.96 NL
LYAQDADGCPIDIK 0.86 8.92
VGVTEGCDPTR 0.52 6.52
Q60605 Myosin light polypeptide 6 CDFTEDQTAEFK 1.60 9.05
Q7TPR4 Alpha-actinin-1 MVSDINNAWGCLEQAEK 0.95 9.17
Q8vDD5  Myosin-9 LEEDQIIMEDQNCK 0.94 9.62
QaJLv1 BAG family molecular chaperone SQSPAASDCSSSSSSASLPSSG  0.83 9.66
regulator 3 R
088342 WD repeat-containing protein 1 VCALGESK 0.70 10.8
Q60598 Src substrate cortactin HCSQVDSVR 0.75 111
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Q60598 Src substrate cortactin CALGWDHQEK 0.81 19.0
P31001 Desmin HQIQSYTCEIDALK 0.83 NL
Q99JY9 Actin-related protein 3 YSYVCPDLVK 0.76 NL
Q80X90 Filamin-B VAVTEGCQPSR 2.02 NL
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Table B.3.2 - List of glutathionylated proteins associated with mitochondria

NL — Light labeled peptides were not found

Accession Protein Name Peptide El E2
# Run Run
P05064; Fructose-bisphosphate aldolase CQYVTEK 0.85 0.56
P05063 A;Fructose-bisphosphate aldolase
C
P05064 Fructose-bisphosphate aldolase A ALANSLACQGK 0.88 2.25
Q02053; Ubiquitin-like modifier-activating SIPICTLK 0.90 2.26
P31254 enzyme 1;Ubiquitin-like modifier-
activating enzyme 1Y
P14824 Annexin A6 QEICQNYK 0.75 2.33
GTVCAANDFNPDADAK 0.75 8.94
ALLALCGGED 0.93 NL
Q97110 Delta-1-pyrroline-5-carboxylate GDECGLALGR 0.95 2.67
synthase;Glutamate 5-
kinase;Gamma-glutamyl
phosphate reductase
P14152 Malate dehydrogenase, VIVVGNPANTNCLTASK 085 2.73
cytoplasmic
Q9DCX2 ATP synthase subunit d, SCAEFVSGSQLR 0.63 2.88
mitochondrial
Q99KR7; Peptidyl-prolyl cis-trans isomerase  ALCTGEK 0.88 2.97
Q9CR16; F, mitochondrial;Peptidyl-prolyl
Q9ERU9 cis-trans isomerase D;E3 SUMO-
protein ligase RanBP2
P06151; L-lactate dehydrogenase A VIGSGCNLDSAR 0.80 3.00
P00342; chain;L-lactate dehydrogenase C
P16125 chain;L-lactate dehydrogenase B
chain
P53702 Cytochrome c-type heme lyase AYDYVECPVTGAR 0.57 3.10
Q8BTX9 Inactive hydroxysteroid EALSCQA 1.20 3.13
dehydrogenase-like protein 1
P30416 Peptidyl-prolyl cis-trans isomerase  TQLAVCQQR 0.85 3.47
FKBP4;Peptidyl-prolyl cis-trans
isomerase FKBP4, N-terminally
processed
P08249 Malate dehydrogenase, EGVVECSFVQSK 1.20 3.62
mitochondrial
P62908 40S ribosomal protein S3 GCEVVVSGK 1.17 4.09
Q91VvD9 NADH-ubiquinone oxidoreductase =~ AVTEGAQAVEEPSIC 1.13 494

75 kDa subunit, mitochondrial
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QoQuUlo; Transforming protein RhoA;Rho- LVIVGDGACGK 0.86 5.14
Q62159 related GTP-binding protein RhoC
Q60930 Voltage-dependent anion- SCSGVEFSTSGSSNTDTGK 0.83 5.55
selective channel protein 2 WCEYGLTFTEK 1.38 6.10
P51881 ADP/ATP translocase 2;ADP/ATP GLGDCLVK 0.51 5.73
translocase 2, N-terminally
processed
Q971Q9 Valine--tRNA ligase ICLQPPPSSR 1.05 5.85
Q61035 Histidine--tRNA ligase, cytoplasmic TNQPLSTC 0.86 5.98
P16858; Glyceraldehyde-3-phosphate VPTPNVSVVDLTCR 0.74 6.15
Q64467 dehydrogenase;Glyceraldehyde-3-
phosphate dehydrogenase, testis-
specific
P62908 40S ribosomal protein S3 GLCAIAQAESLR 0.61 6.16
P48962 ADP/ATP translocase 1 EFNGLGDCLTK 0.80 6.69
Q922Q8 Leucine-rich repeat-containing ATVLDLSCNK 0.83 6.84
protein 59
Q68FD5 Clathrin heavy chain 1 IHEGCEEPATHNALAK 0.67 6.85
VIQCFAETGQVQK 0.62 NL
Q60931 Voltage-dependent anion- VCNYGLTFTQK 0.65 7.14
selective channel protein 3
P16858 Glyceraldehyde-3-phosphate AAICSGK 0.76 7.45
dehydrogenase
Q60597 2-oxoglutarate dehydrogenase, AEQFYCGDTEGK 0.62 8.11
mitochondrial
Q8CoI1 Alkyldihydroxyacetonephosphate  IVNLACK 094 9.61
synthase, peroxisomal
P06151 L-lactate dehydrogenase A chain DYCVTANSK 0.81 9.67
Q9QUHO  Glutaredoxin-1 AQEFVNCK 0.93 10.5
008553 Dihydropyrimidinase-related GLYDGPVCEVSVTPK 0.95 10.7
protein 2
Q9CZB0O Succinate dehydrogenase SLCLGPTLIYSAK 136 154
cytochrome b560 subunit,
mitochondrial
Q91ZA3 Propionyl-CoA carboxylase alpha MADEAVCVGPAPTSK 0.83 18.8
chain, mitochondrial
Q8K2B3 Succinate dehydrogenase TLNEADCATVPPAIR 0.67 NL
[ubiquinone] flavoprotein subunit,
mitochondrial
Q99KIO0 Aconitate hydratase, VGLIGSCTNSSYEDMGR 0.81 NL
mitochondrial
Q971Q5 Chloride intracellular channel EEFASTCPDDEEIELAYEQVAR 1.00 NL

protein 1
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Q9DCS3 Trans-2-enoyl-CoA reductase, LALNCVGGK 0.73 NL
mitochondrial

Q9QUR7  Peptidyl-prolyl cis-trans isomerase ~SGEEDFESLASQFSDCSSAK 1.36 NL
NIMA-interacting 1

Q97219 Succinyl-CoA ligase [ADP-forming]  ILACDDLDEAAK 094 NL
subunit beta, mitochondrial

Q62351 Transferrin receptor protein 1 WNIDSSCK 1.48 NL
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Table B.3.3 - List of glutathionylated proteins associated with cardiomyopathy

NL — Light labeled peptides were not found

Accession Protein Name Peptide El E2
# Run  Run
P26039 Talin-1 CTQDLGNSTK 0.77 1.55
AGALQCSPSDVYTK 1.12 5.36
Q8BTM8  Filamin-A VQVQDNEGCSVEATVK 1.40 6.27
CSGPGLSPGMVR 0.97 197
AHVAPCFDASK 1.66 6.57
VANPSGNLTDTYVQDCGDGTYK 1.13  7.21
P14824 Annexin A6 GTVCAANDFNPDADAK 0.75 8.94
QEICQNYK 0.75 2.33
ALLALCGGED 0.93 NL
P38647 Stress-70 protein, TIAPCQK 1.06 2.42
mitochondrial
055143 Sarcoplasmic/endoplasmic ANACNSVIK 0.89 2.56
reticulum calcium ATPase 2
P97372 Proteasome activator complex AKPCGVR 1.15 4.21
subunit 2 CGYLPGNEK 0.80 2.71
Q8CGC7 Bifunctional SCQFVAVR 094 2.79
glutamate/proline--tRNA VACQGEVVR 0.84 2.87
ligase;Glutamate--tRNA
ligase;Proline--tRNA ligase
Q99KR7;  Peptidyl-prolyl cis-trans ALCTGEK 0.88 2.97
QO9CR16; isomerase F,
Q9ERU9 mitochondrial;Peptidyl-prolyl
cis-trans isomerase D;E3
SUMO-protein ligase RanBP2
P06151; L-lactate dehydrogenase A VIGSGCNLDSAR 0.80 3.00
P00342; chain;L-lactate dehydrogenase
P16125 C chain;L-lactate
dehydrogenase B chain
P17742 Peptidyl-prolyl cis-trans IIPGFMCQGGDFTR 0.98 4.72
isomerase A;Peptidyl-prolyl ITISDCGQL 095 3.03
cis-trans isomerase A, N-
terminally processed
Q09143 High affinity cationic amino TPDSNLDQCK 0.98 3.20
acid transporter 1
P17182 Alpha-enolase VNQIGSVTESLQACK 0.84 3.35
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Q6PHZ2 Calcium/calmodulin- ASTTTCTR 1.12 3.58
dependent protein kinase type
Il subunit delta
P09411 Phosphoglycerate kinase 1 FCLDNGAK 0.83 3.71
Q61990; Poly(rC)-binding protein INISEGNCPER 0.71 3.90
P57722; 2;Poly(rC)-binding protein
P60335 3;Poly(rC)-binding protein 1
Q6PDM2  Serine/arginine-rich splicing EAGDVCYADVYR 0.58 3.90
factor 1
P09541; Myosin light chain 4;Myosin ITYGQCGDVLR 0.74 3.96
P09542 light chain 3
P99024 Tubulin beta-5 chain NMMAACDPR 0.71 4.48
TAVCDIPPR 0.75 4.04
Q60876 Eukaryotic translation SAGSSCSQTPSR 1.09 4.22
initiation factor 4E-binding
protein 1
070468 Myosin-binding protein C, LLCETEGR 1.36 4.24
cardiac-type
P14211 Calreticulin HEQNIDCGGGYVK 0.98 4.60
P48678 Prelamin-A/C;Lamin-A/C AQNTWGCGSSLR 0.88 4.71
P10639 Thioredoxin CMPTFQFYK 0.83 4.86
P16546 Spectrin alpha chain, non- GACAGSEDAVK 0.62 5.14
erythrocytic 1 ALCAEADR 1.01 4.93
Q91VvD9 NADH-ubiquinone AVTEGAQAVEEPSIC 1.13 494
oxidoreductase 75 kDa
subunit, mitochondrial
Q9QUIO;  Transforming protein LVIVGDGACGK 0.86 5.14
Q62159 RhoA;Rho-related GTP-binding
protein RhoC
P00493 Hypoxanthine-guanine SYCNDQSTGDIK 0.79 5.15
phosphoribosyltransferase
P18760 Cofilin-1 AVLFCLSEDK 0.69 5.25
P29533 Vascular cell adhesion protein  QAQLQDAGIYECESK 093 5.29
1
P63001; Ras-related C3 botulinum AVLCPPPVK 0.86 5.33
P60764 toxin substrate 1;Ras-related
C3 botulinum toxin substrate 3
Q60930 Voltage-dependent anion- WCEYGLTFTEK 1.38 6.10
selective channel protein 2 SCSGVEFSTSGSSNTDTGK 0.83 5.55
Q9WUD1  STIP1 homology and U box- AQQACIEAK 1.46 5.67

containing protein 1
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P51881 ADP/ATP translocase GLGDCLVK 0.51 5.73
2;ADP/ATP translocase 2, N-
terminally processed
P16858; Glyceraldehyde-3-phosphate VPTPNVSVVDLTCR 0.74 6.15
Q64467 dehydrogenase;Glyceraldehyd
e-3-phosphate
dehydrogenase, testis-specific
P45376 Aldose reductase HIDCAQVYQNEK 0.68 6.28
Q8BGQ7  Alanine--tRNA ligase, IQSLGDCK 1.28 6.50
cytoplasmic
Q8VHX6 Filamin-C LYAQDADGCPIDIK 0.86 8.92
VGVTEGCDPTR 0.52 6.52
VCAYGPGLK 0.96 NL
P48962 ADP/ATP translocase 1 EFNGLGDCLTK 0.80 6.69
P16858 Glyceraldehyde-3-phosphate AAICSGK 0.76 7.5
dehydrogenase
Q01853 Transitional endoplasmic LGDVISIQPCPDVK 0.81 7.46
reticulum ATPase
P09411 Phosphoglycerate kinase 1 TGQATVASGIPAGWMGLDCGTES 0.82 7.52
SK
Q61029 Lamina-associated EMFPYEASTPTGISASCR 132 7.78
polypeptide 2, isoforms
beta/delta/epsilon/gamma
P60710 Actin, cytoplasmic 1;Actin, DDDIAALVVDNGSGMCK 1.24 8.13
cytoplasmic 1, N-terminally
processed
P07356 Annexin A2 SVCHLQK 0.95 8.14
P58252 Elongation factor 2 EGALCEENMR 0.84 NL
STLTDSLVCK 1.07 8.45
Q60605 Myosin light polypeptide 6 CDFTEDQTAEFK 1.60 9.05
Q7TPR4 Alpha-actinin-1 MVSDINNAWGCLEQAEK 0.95 9.17
Q8VDD5  Myosin-9 LEEDQIIMEDQNCK 0.94 9.62
Q9JLV1 BAG family molecular SQSPAASDCSSSSSSASLPSSGR 0.83 9.66
chaperone regulator 3
P06151 L-lactate dehydrogenase A DYCVTANSK 0.81 9.67
chain
Q9QUHO  Glutaredoxin-1 AQEFVNCK 0.93 10.5
Q9CZB0O Succinate dehydrogenase SLCLGPTLIYSAK 136 154
cytochrome b560 subunit,
mitochondrial
Q8BJS4; SUN domain-containing CSETYETK 1.09 NL
Q9D666 protein 2;SUN domain-

containing protein 1
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Q8K2B3 Succinate dehydrogenase TLNEADCATVPPAIR 0.67 NL
[ubiquinone] flavoprotein
subunit, mitochondrial
P31001 Desmin HQIQSYTCEIDALK 0.83 NL
Q99KIO Aconitate hydratase, VGLIGSCTNSSYEDMGR 0.81 NL
mitochondrial
Q91VH1 Adiponectin receptor protein AEEDQACPVPQEEEEEVR 1.06 NL
1
Q6PHZ2; Calcium/calmodulin- QETVDCLK 0.52 NL
P11798 dependent protein kinase type
Il subunit
delta;Calcium/calmodulin-
dependent protein kinase type
Il subunit alpha
Q9ERZ4 Muscarinic acetylcholine GDACTPTSTTVELVGSSGONGDEK  0.25 NL
receptor M2
Q80X90 Filamin-B VAVTEGCQPSR 2.02 NL
P63017 Heat shock cognate 71 kDa VCNPIITK 0.78 NL
protein
P11438 Lysosome-associated CNTEEHIFVSK 0.74 NL
membrane glycoprotein 1
P70336 Rho-associated protein kinase ~ NCLLETAK 0.56 NL
2
Q9Z219 Succinyl-CoA ligase [ADP- ILACDDLDEAAK 0.94 NL
forming] subunit beta,
mitochondrial
Q62351 Transferrin receptor protein1 ~ WNIDSSCK 1.48 NL
070373 Xin actin-binding repeat- ISGSTPCPPPSR 0.88 NL

containing protein 1
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Table B.3.4 - List of glutathionylated cysteines or neighboring residues (£1) with their
mutations implicated in diseases

apeptide — all cysteine numbers are from mouse

bNatural variants — mutations of cysteines or neighboring residues (+1) are found from
UniProt database

‘Disease Relevance - Diseases associated with indicated mutations found from UnitProt
database'®* Diseases are listed with their phenotype-MIM number.1%

* - mutations are predicted as ‘probably damaging’ in UniProt and PolyPhen-2
prediction tools.1%®

Stop - stop codon

X - frameshift

NL - Light labeled peptides were not identified
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Elevated intracellular levels of reactive oxygen species (ROS) are associated with
induction of oxidative stress. Increased levels of ROS participate in development of
cardiovascular diseases by modifying proteins reversibly or irreversibly. Especially, the
cysteine residues can undergo oxidative post-translational modifications such as
glutathionylation. Glutathionylation is an important regulatory reversible thiol oxidation.
Identification and quantification of glutathionylated proteins is important for the
understanding of the molecular mechanisms behind initiation and progression of many
diseases. Our lab previously developed a click chemistry-based method to detect and
identify glutathionylation in cells by synthesizing clickable-glutathione.

We established a mass spectrometry-based strategy coupled with clickable
glutathione in which two azido-Ala derivatives with isotopic mass difference were used
to metabolically synthesize isotopically labelled clickable glutathione for identification

and quantification of glutathionylated proteins. We applied this approach on HL-1
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cardiomyocyte cells to identify and quantify 1398 glutathionylated peptides upon the
addition of H20x.

During ischemia and reperfusion, levels of ROS can be elevated causing oxidative
modifications in cardiac proteins. By applying clickable glutathione approach on HL-1 cells
under different metabolic alterations, we found that glucose is important for maintaining
redox homeostasis, while fatty acid oxidation induces a high level of glutathionylation
during reoxygenation. We applied our isotopically labeled clickable glutathione approach
upon addition of fatty acids during reoxygenation, identifying and quantifying 248
glutathionylated proteins.

We developed a proteomic approach for the direct quantification of
glutathionylated cysteines compared to the unmodified cysteines using a cysteine
blocking clickable glutathione reagent (L-N3-GS-SPy) that mimics the structure of clickable
glutathione. We applied this quantification approach on C2C12 mouse skeletal muscle cell
line and identified 1518 glutathionylated cysteines upon addition of H;0,.

Desmin is an intermediate filament that plays a key role in maintaining structural
and mechanical integrity of sarcomere. From our proteomic analyses, we identified that
desmin is undergoing glutathionylation under stress. Using rat cardiomyocytes, we
investigate the effect of glutathionylation on myofibril integrity of desmin. We found that
desmin lose its myofibril integrity upon oxidative stress. However, cysteine mutant of
desmin recovers myofibril integrity, suggesting that glutathionylation may interfere with

the desmin filament assembly.
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