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Abstract

Ischemia reperfusion injury contributes to adverse cardiovascular diseases in part by producing
a burst of reactive oxygen species (ROS) that induce oxidations of many muscular proteins.
Glutathionylation is one of the major protein cysteine oxidations that often serve as molecular
mechanisms behind the pathophysiology associated with ischemic stress. Despite the biological

significance of glutathionylation in ischemia reperfusion, identification of specific glutathionylated
cysteines under ischemic stress has been limited. In this report, we have analyzed glutathionylation
under oxygen-glucose-deprivation (OGD) or repletion of nutrients after OGD (OGD/R) by using
a clickable glutathione approach that specifically detects glutathionylated proteins. Our data find

that palmitate availability induces a global level of glutathionylation and decreases cell viability
during OGD/R. We have then applied a clickable glutathione-based proteomic quantification
strategy, which enabled the identification and quantification of 249 glutathionylated cysteines

in response to palmitate during OGD/R in HL-1 cardiomyocyte cell line. The subsequent
bioinformatic analysis found 18 glutathionylated cysteines whose genetic variants are associated
with muscular disorders. Overall, our data report glutathionylated cysteines under ischemic stress
that may contribute to adverse outcomes or muscular disorders.
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Introduction

Ischemia, restriction of arterial blood flow to tissues, is one of the major causes that lead to
various diseases, including heart failure.! Two main features of ischemia involve a limited
supply of oxygen (hypoxia) and a shortage of nutrients, both of which are important for
continuous ATP production and muscle contraction in the heart.2 Therefore, the length

(or duration) and severity of the ischemic condition often determine the level of tissue
damages,? which should be resolved by restoration of a blood flow (reperfusion). However,
it is well-known that ischemic reperfusion (I/R) causes an additional tissue injury that

may not be manifested during ischemia, primarily resulting from sudden reintroduction of
oxygen (re-oxygenation) to ischemic tissue.l

The underlying molecular and cellular events under ischemia and I/R are multifactorial, but
in part consequential to changes in oxygen availability (hypoxia/reoxygenation) and nutrient
availability (metabolic alteration).1=2 Cardiomyocytes produce necessary ATP primarily by
fatty acid oxidation (60-90%) in mitochondria rather than glucose oxidation (10-40%),
thus heavily relying on oxygen availability.3~ Therefore, ischemia depletes an intracellular
ATP level, which compromises ATP-dependent processes, such as calcium efflux, thus
leading to intracellular and mitochondrial calcium overload.? 5 Cardiomyocytes also turn to
anaerobic glycolysis due to hypoxia, which acidifies intracellular environment.3: 5 These
changes are associated with activation of proteases, including calpains,” that degrade
myofibrils and induce autophagy to reduce energy consumption, but eventually lead to

cell death upon prolonged ischemia. Subsequently, reoxygenation during I/R causes a burst
of reactive oxygen species (ROS) from mitochondria and others.1~2 Such burst of ROS
overwhelms the detoxification capacity of redox enzymes and induces oxidation of proteins,
lipids, and DNA, which is accompanied by a shrinkage of contractile cardiomyocytes
(hypercontracture)>=6 and a reversible loss of contraction (cardiomyocyte stunning).2: 7
Importantly, many experiments demonstrated that metabolic activity or nutrient availability
during reperfusion is crucial to determine the level of tissue damages.* 8 For example,

a plasma level of fatty acids was found elevated after ischemia.® During reperfusion, the
fatty acids are preferentially catabolized and inhibit glucose (pyruvate) oxidation,10-11
which is linked to increased cell death and diminished contractile activity of heart.%-10. 12
Indeed, metabolic modulations, such as a blockage of fatty acid oxidation or stimulation of
glucose oxidation, have been evaluated or used as potential therapeutic interventions for I/R
injury.13-16

The limited energy-production and the burst of ROS during ischemia and I/R consequently
alter the redox homeostasis and readily induce reversible and irreversible oxidation of
proteins, especially at cysteine residues.1’-18 A large body of reports have demonstrated
S-oxidation,9 disulfide formation,29-22 S-nitrosylation,23-24 4-hydroxynonenal (HNE)
conjugation,2® and glutathionylation26-29 of individual proteins or global proteome in the
heart subjected to I/R. Among these oxoforms, glutathionylation is one of the major protein
cysteine oxidations that modulate the enzyme activity or protein-protein interactions, or
confer protection from irreversible oxidations.30 Previously, glutathionylation of several
individual contractile proteins, including actin, has been found during I/R, which
correlated with compromised contractile activity.2® In addition, several metabolic and
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mitochondria enzymes, such as GAPDH and complex |1, were found glutathionylated,
which altered metabolic activity.28-2% Despite these analyses, global identification of
specific glutathionylated cysteines under ischemic stress or upon metabolic alterations in
cardiomyocytes has been limited.

Previously, we have developed a chemoselective method, namely clickable glutathione,

to detect glutathionylated proteins (Figure 1).31-32 In this approach, clickable glutathione
(yGlu-Cys-azido-Ala, azido-glutathione, N3-GSH) is bio-synthesized /n situ in cells with

a mutant of glutathione synthetase (GS M4), which uses azido-Ala in place of Gly in
glutathione biosynthesis. The azido-group on the clickable glutathione is used to identify
glutathionylated proteins after click reaction with biotin- or fluorophore-alkyne. Recently,
we have used this clickable glutathione approach with cleavable biotin-DADPS-alkyne

and mass spectrometry to identify over 1,700 specific glutathionylated peptides in HL-1
cardiomyocytes upon production of hydrogen peroxide (H»05).33 In addition, we have
developed a quantification strategy with clickable glutathione by using isotopically labeled
azido-Ala derivatives [heavy azido-Ala (+4 Da) and light azido-Ala (+0 Da)], which were
used to quantify the levels of glutathionylation on proteins upon addition of H,05.34 In
this report, we have applied the clickable glutathione to HL-1 cardiomyocytes to investigate
induction of glutathionylation under ischemic stress, especially with systemic alterations
of metabolic nutrients and oxygen. Our analyses demonstrated that glutathionylation
occurs at a proteome level under prolonged glucose depletion, but largely absent or

weak under hypoxia or oxygen-glucose deprivation (OGD). However, during repletion of
oxygen or nutrients after OGD (OGD/R), reoxygenation induces a high level of global
glutathionylation where the level of glutathionylation is reduced by glucose availability but
enhanced by fatty acid availability. The fatty acid availability during OGD/R correlated
with decreased cellular viability. We further applied a quantification strategy with clickable
glutathione, which resulted in the identification and quantification of 249 glutathionylated
cysteines. Importantly, bioinformatic analysis was used to find 18 glutathionylated cysteines
whose genetic variants are known and associated with muscular disorders, thus suggesting
their potential functional outcomes resulting from ischemic stress.

Experimental Procedures

Cell culture and induction of glutathionylation

HL-1 cells (Sigma) were cultured in Claycomb medium containing 10% FBS, penicillin
(100 units/mL), streptomycin (100 pg/mL), norepinephrine (0.1 mM), and L-glutamine
(2 mM) in fibronectin-gelatin coated flasks. HEK293/GS M4 stable cells® were cultured
in DMEM containing 10% FBS, penicillin (100 units/mL) streptomycin (100 units/mL).
Cells were maintained in a humidified atmosphere containing 5% CO, at 37°C. At 80%
confluency, HL-1 cells were infected with adenovirus expressing GS M4. After 24 h,
cells were incubated with a Claycomb medium containing L-azido-Ala (0.6 mM) for 20
h. Cells were then subjected to serum starvation for 12 h. Glutathionylation was induced
using different stress conditions: Cells were subjected to glucose deprivation (GD, 0 mM
glucose), hypoxia (1% oxygen), or oxygen-glucose-deprivation (OGD, 0 mM glucose and
1% oxygen) in a hypoxic chamber (Billups-Rothenberg, MIC-101) for indicated times. For
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OGDI/R, after OGD, cells were repleted with glucose (25 mM glucose), oxygen (normoxia),
or palmitate (1 mM) 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. Cell lysates were incubated for
30 min at 4°C, passed through 26-gauge needles ten times, and protein concentrations were
determined using Bradford assay.

glutathionylation

Proteins (100 pg) were precipitated by adding acetone (4 times volume). After centrifugation
at 13,000 rpm for 3 min, the supernatant was removed. Pellet was resuspended in a buffer
(40 pL, 1x PBS, 0.1% SDS) by sonication. To the resuspended solution were added 10 mM
Cy5-alkyne in DMSO (0.5 pL) and a click mix (10 pyL) [20 mM CuBr in DMSO/tBuOH
(3:1, v/v) (5 L) and 20 mM THPTA (5 uL)]. The mixture was incubated for 1 h at room
temperature in the dark. Proteins were separated by SDS-PAGE and analyzed by FluorChem
Q imaging system (BioRad) or Coomassie stains.

ROS detection

Intracellular ROS levels were measured by using MitoSOX red (Sigma, M36008). HL-1
cells were uninduced or induced with different physiological conditions (GD, hypoxia,
OGD, OGD/R). Cells were washed with PBS and incubated with MitoSOX red (5 pM)

in DMEM without phenol red for 10 min in the dark. Cells were washed with PBS, and
fluorescence values were monitored with a microplate reader (BioTek) with excitation (510
nm) and emission (595 nm) wavelengths.

NADPH quantification assay

Intracellular

The NADP*/NADPH levels were determined using the NADP*/NADPH quantification kit
(Sigma, MAKO038) according to the manufacturer’s instructions. HL-1 cells were uninduced
or induced with different physiological conditions (GD, hypoxia, OGD, OGD/R). Cells were
lysed using an NADP*/NADPH extraction buffer. Lysates (50 uL) were incubated with

an NADP™* cycling enzyme mixture in an NADP* cycling buffer (100 uL) and NADPH
developer (10 pL) for 1 h at room temperature. Absorbance values were measured at 450

nm using a microplate reader (BioTek). The detection of NADPH was measured by heating
lysates at 60°C for 30 min to decompose NADP*.

glutathione assay

Reduced (GSH) and oxidized glutathione (GSSG) concentrations were determined by

using a GSH colorimetric assay kit (BioVision, K261) according to the manufacturer’s
instructions. HL-1 cells were uninduced or induced with different physiological stress
conditions (GD, hypoxia, OGD, OGD/R). Lysates were incubated with glutathione reductase
(20 uL), an NADPH generating solution (20 pL), and a glutathione reaction buffer (120

pL) for 10 min at room temperature. Absorbance values were obtained at 405 nm using

a microplate reader (BioTek). Similarly, the reduced form of glutathione was measured
without incubation of glutathione reductase in the lysates.
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Cell viability assay

Trypan blue assay was used to determine cell viability. HL-1 cells were uninduced or
induced with different physiological stress conditions (GD, OGD, OGD/R). Cells were
detached by using 0.05% trypsin and diluted with a culture medium. The medium containing
cells (100 pL) was mixed with trypan blue (100 pL, 0.4%). The mixture (20 pL) was loaded
onto the slide and analyzed by TC 20 automated cell counter (Biorad) to determine the
percentage of viable cells.

Pull down analysis for glutathionylated proteins

Proteins (1 mg) were subjected to click reaction with biotin-DADPS-alkyne, as described
above. Proteins were precipitated by adding ice-cold acetone (4x volume). After
centrifugation, the resulting pellet was resuspended in PBS containing 1.2% SDS (100 pL)
by sonication. The resuspended proteins were added to streptavidin agarose beads (25 pL
bead volume) (Pierce) in 1x PBS (500 uL). Beads were incubated overnight at 4°C and
washed with 1x PBS containing 0.2% SDS, followed by 1x PBS. Proteins were eluted with
SDS-loading buffer, resolved on SDS-PAGE, and transferred to the PVDF membrane. The
membrane was blocked with 5% dry milk in TBST and incubated at 4°C overnight with
primary antibody solution, including antibody against desmin (Abcam, ab32362, 1:1000),
BAG3 (Novus Biologicals, NBP2-27398, 1:1000), and FLAG (Sigma, F1804, 1:1000). The
membrane was then incubated with a secondary antibody conjugated with HRP, and proteins
were visualized by chemiluminescence.

Proteomic sample preparation

Two cohorts of HL-1 cells expressing GS M4 were incubated with heavy or light azido-Ala
(0.6 mM), and lysates were prepared after indicated stimulus, as described above. Two
cohorts of lysates prepared with heavy or light azido-Ala (5 mg of proteins from each lysate)
were combined and precipitated by adding cold acetone (4x volume). The supernatant was
removed after centrifugation at 13,000 rpm for 10 min. Pellet was air-dried for 5 min and
resuspended in a buffer (1440 pL) containing 1x PBS and 0.1% SDS by sonication. The
resuspended solution was mixed with 10 mM biotin-DADPS-alkyne in DMSO (160 pL)

and a click mix (400 pL) [20 mM CuBr in DMSO/tBUOH (3:1, v/v) (200 pL) and 20

mM THPTA (200 pL)]. The mixture was incubated for 1 h at room temperature in the

dark. Proteins were precipitated by adding cold acetone (4x volume). The supernatant was
removed after centrifugation at 14,000 rpm for 10 min. Pellet was resuspended in 1x PBS (1
mL) containing 1.2% SDS by sonication at room temperature. The resuspended solution was
diluted with 1x PBS (5 mL) containing streptavidin-agarose beads (100 pL bead volume)
and incubated overnight at 4°C. Proteins on beads were washed with 1x PBS containing
0.2% SDS, 1x PBS (3 times each), and incubated in a denaturation PBS solution (0.5 mL)
containing 6 M urea for 45 min at 37°C. Proteins on beads were incubated with a digestion
buffer (200 pL) containing 2 M urea, 1 mM CaCls, and Trypsin/Lys-C (5 ug) overnight at
37°C. The beads were then washed with 1x PBS containing 0.2% SDS, 1x PBS, and water
(3 times each). Peptides on beads were eluted by incubating with 10% formic acid (100 pL
x 2) for 10 min, followed by a quick wash with 10% formic acid (100 uL). Eluates were
combined, lyophilized, and subjected to LC-MS/MS analysis.
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LC-MS/MS analysis

Lyophilized peptides were resuspended in 5% acetonitrile, 0.1% formic acid, and 0.005%
trifluoroacetic acid. Peptides were then separated by UHPLC reverse phase chromatography
using PepMap RSLC 18 columns and an EASY-nLC 1000 liquid chromatography system
and introduced into an Orbitrap Fusion mass spectrometer (Thermo Fisher). MS1 scans were
between 375-1600 m/z and at 240,000 orbitrap resolution. For MS2 scans, peptides with +2
and +3 charges were fragmented by collision-induced dissociation (CID) at 32% collision
energy. Peptides with charges +3 to +7 were fragmented by electron transfer dissociation
(ETD) with calibrated charge-dependent ETD parameters. The cycle time was set to 2.5
seconds over the 90 min gradient. Dynamic Exclusion was turned on.

Data analysis

Raw data files were analyzed in MaxQuant (version 1.6.2.10) against the Uniprot

mouse database (downloaded on 2017-07-14, 16844 entries) and a contaminant database.
N-terminal acetylation and methionine oxidation were set as variable modifications.
Modifications included S-glutathionylation of cysteine with light azido-glutathione
(addition of C1gH24NgO7S, 444.14272 Da) or heavy azido-glutathione (addition of
C16H212H3N51°NOS, 448.15858 Da). All other parameters were left at default values.

As determined by reverse database search, peptide spectral matches were accepted at a

1% false discovery rate. Peptides were quantified using Skyline software (version 20.2).
Spectral libraries were built by importing all msms.txt files to Skyline from MaxQuant.
FASTA database (Uniprot mouse) and raw files were imported to Skyline for peak picking.
In MS1-filtering, mass accuracy was set to 10 ppm. The retention time window (£2.0 min)
was used to find the corresponding peptide peaks in all runs lacking MS/MS identification.
Peptides were filtered to remove peptides without glutathionylation. Individual peptide
peaks were inspected manually for accurate peak picking for the top three isotope peaks in
the chromatographic traces. When necessary, manual integration was applied to have isotope
dot product (idotp) scores higher than 0.8. Peptides with an idotp score lower than 0.8 were
removed. The ratios of peptide areas of heavy to light labels were calculated automatically.
From three biological replicate data, peptides identified more than two times with an idotp
score higher than 0.8 were assigned with the median Ry values.

Bioinformatic analysis

STRING analysis was performed using Cytoscape software. Identified mouse proteins
containing glutathionylated cysteines with Ry values above 2 were converted to

human equivalents. The list of human proteins was loaded to STRING program as
‘glutathionylation’ network. For identification of cardiomyopathy-associated proteins, the
‘glutathionylation’ network was merged with the ‘cardiomyopathy’ network containing
cardiomyopathy proteins (cutoff value of 0.4) loaded from the STRING disease search. The
merged network was then subjected to CLUSTER MAKER analysis using MCL clustering
with a granularity parameter of 4 and array sources from the score. For identification of
mitochondrial and sarcomere-associated proteins, the list of ‘glutathionylation’ network was
analyzed in DAVID GO analysis. Similarly, the selected ‘mitochondrial’ and ‘sarcomere
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associated’ proteins were clustered, as described above. The disease relevance was analyzed
from the UniProt database (feature viewer and variants) and polyphen-2 program.

Glutathionylation is significantly induced during glucose deprivation but weakly in hypoxia

or OGD

In vitro models using specific cell types with hypoxia or OGD have proven useful for
reproducing phenotype responses to ischemia reperfusion (I/R).1 To examine the response
of glutathionylation in cardiomyocytes, we applied a clickable glutathione approach to

the HL-1 mouse cardiomyocyte cell line, which retains contractility with the major

cardiac phenotypes of adult cardiomyocytes.36 After the expression of GS M4, HL-1 cells
were incubated with azido-Ala and subjected to various conditions that mimic glucose
deprivation, hypoxia, or OGD. Notably, glucose depletion induced a global level of
glutathionylation in concentration- and time-dependent manners (Figure 2A). Decreasing
concentrations of glucose led to increasing levels of glutathionylation, where the longer
depletion of glucose induced a higher level of global glutathionylation (Figure 2A). This
observation was also seen in HEK293 cells (Supplementary Figure 1A) and our previous
reports,3° 37 where glucose availability was important to maintain the redox homeostasis,
potentially due to its role in NADPH production.38 Indeed, the ratio of NADP*/NADPH was
significantly increased under glucose deprivation (GD) (Figure 2E). In addition, the level

of ROS, detected by a mitochondrial ROS probe (MitoSox), and the ratio of GSSG/GSH
were both increased (Figure 2D and 2F), supporting the induction of global glutathionylation
under GD.

Next, HL-1 cells were subjected to hypoxia (1% O5) or OGD (1% O, and no glucose)
(Figure 2B). Interestingly, the level of glutathionylation was largely absent under hypoxia
(Figure 2B, lane 1 vs. 3). Moreover, glutathionylation was significantly low or rarely
observed under OGD (Figure 2B, lane 1 vs. 4) as opposed to under GD (Figure 2B, lane

2). A similar pattern was observed in HEK293 cells (Supplementary Figure 1A), supporting
that the low level of oxygen (1% O,) in hypoxia or OGD induces no or low levels of
glutathionylation, and the ambient level of oxygen is necessary for global induction of
glutathionylation. To this agreement, in hypoxia, the ROS level was increased (Figure 2D),
but the ratio of NADP*/NADPH was largely unchanged (Figure 2E), possibly due to glucose
availability. In contrast, under OGD (1% O,), the ratio of NADP*/NADPH was increased
(Figure 2E), but the ROS level was unchanged (Figure 2D). Consequently, neither hypoxia
nor OGD (1% O,) was able to significantly alter the ratio of GSSG/GSH (Figure 2F), which
supports no or low level of global glutathionylation under hypoxia and OGD (Figure 2B).
Consistently, the increasing percentage of oxygen availability (1, 5, and 21%) during GD
resulted in higher levels of glutathionylation (Figure 2C and Supplementary Figure 1B),
further supporting the importance of oxygen availability during glutathionylation. Lastly,
the cell viability was not significantly altered during the indicated conditions of glucose
deprivation, hypoxia, or OGD (Figure 2G).
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Glutathionylation is significantly induced by palmitate availability during OGD/R

With a low level of glutathionylation under OGD, we next examined glutathionylation under
repletion of oxygen or glucose after OGD (OGD/R). After OGD (1% O5), HL-1 cells were
re-oxygenated with or without glucose. Upon reoxygenation, the level of glutathionylation
was significantly increased in the absence of glucose (OGD/O, Fig. 3A, lane 1 vs. 2-3, and
Figure 3B, lane 1 vs. 2), but remained low with glucose repletion (OGD/OG, Fig. 3A, lane
1 vs. 4-5, and Figure 3B, lane 1 vs. 3). A similar pattern was observed in HEK293 cells
during OGD/R (Supplementary Figure 2). These data further support that oxygen needs to
be available to induce a high level of glutathionylation, whereas glucose metabolism is used
to restore redox homeostasis. Consistently, the ROS level (Figure 3D), NADP*/NADPH
(Figure 3E), and GSSG/GSH (Figure 3F) were all significantly elevated upon reoxygenation
without glucose (OGD/O) versus with glucose repletion (OGD/OG).

It has been previously shown that the plasma level of fatty acids is elevated to high
concentrations (e.g., 1-3 mM) after ischemia,® and the fatty acids in the perfused heart
inhibit glucose (pyruvate) oxidation and increase I/R injury.10-12 Therefore, HL-1 cells were
subjected to the addition of palmitate, a major fatty acid, with its carrier protein BSA,

during OGD/R. The level of glutathionylation was significantly increased upon addition of
palmitate, together with reoxygenation and glucose repletion (OGD/OGF-BSA) (Figure 3B,
lane 4-5) versus without palmitate (OGD/OG or OGD/OG-BSA) (Figure 3B, lane 3 and 6-
7). Consistently, the ROS level (Figure 3D), NADP*/NADPH (Figure 3E), and GSSG/GSH
(Figure 3F) were significantly higher upon addition of palmitate (OGD/OGF-BSA) versus
without palmitate (OGD/OG-BSA or OGD/OG). Notably, the viability was reduced upon
the addition of palmitate versus all other conditions (Figure 3G). These data are reminiscent
of the adverse effect of fatty acids upon addition to perfused heart,12-13 while showing that
glutathionylation is intensified upon the addition of fatty acid during OGD/R. To support the
significance of fatty acid availability or oxidation for induction of glutathionylation, several
fatty acid oxidation inhibitors were introduced together with palmitate during OGD/R,
including Etomoxir (Et, carnitine palmitoyl-transferase inhibitor39), Ranolazine (Ra, Na-K
pump inhibitor*9-41) and 4-pentenoic acid (PA, thiolase inhibitor42). Notably, the level of
glutathionylation was significantly reduced upon the addition of individual inhibitors (Figure
3C), supporting that fatty acid oxidation or availability is a crucial factor that contributes to
the induction of glutathionylation during OGD/R.

Identification and quantitative analysis of glutathionylated cysteines upon addition of

palmitate

Having seen that palmitate availability or oxidation is an important factor that induces a
global level of glutathionylation, we sought to identify specific cysteines susceptible to
glutathionylation upon addition of palmitate during OGD/R by using an isotopically labeled
clickable glutathione approach.34 In this approach, an isotopically labeled light or heavy
derivative of azido-Ala was introduced to HL-1 cells expressing a mutant of glutathione
synthetase, GS M4 (Figure 4A and Supplementary Figure 3). The GS M4 uses light or
heavy azido-Ala as a substrate, which results in the biosynthesis of isotopically labeled
clickable glutathione with +4 Da mass difference (Supplementary Figure 3).34 After being
subjected to OGD/R with and without palmitate (steps 1 & 2 in Figure 4A), two cohorts
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of cells labeled with heavy or light azido-Ala were lysed and combined. Glutathionylated
proteins in lysates were conjugated with biotin-DADPS-alkyne“3 by click reaction and
bound to streptavidin beads. After on-bead trypsin digestion, glutathionylated peptides
were eluted by the acidic cleavage of the DADPS linker and analyzed by LC-MS/MS
(Figure 4A). Individual pairs of glutathionylated peptides labeled with light or heavy
derivatives of azido-Ala (+4 Da mass difference) were identified (minimum 2 out of 3
biological replicates). Subsequently, MS1 peak intensity ratios of heavy- and light-labeled
peptides were calculated to determine Ry, values, which represent the relative levels of
glutathionylation on cysteines with versus without the addition of palmitate during OGD/R
(Figure 4A).

To demonstrate validation of our quantitative strategy, we have analyzed two sets of
experiments. In the E1 experiment, two cohorts of HL-1 cells were subjected to an
identical OGD/R condition with the addition of palmitate (Figure 4B, E1 experiment =
OGD/OGF-BSA for both light and heavy), which is expected to induce a global level

of glutathionylation and give Ry, values close to 1. On the other hand, in the E2
experiment, two cohorts of cells were subjected to two different OGD/R conditions (E2
experiment = OGD/OGF-BSA and OGD/OG for heavy and light, respectively), which could
be compared to quantify glutathionylated cysteines resulting from palmitate availability.

In the E1 and E2 experiments, 249 and 194 glutathionylated peptides labeled with both
heavy and light isotopes were identified with their Ry, values (Supplementary Table 1).
Notably, the median Ry, values in E1 is 0.87, supporting relatively equal intensity of heavy
to light-labeled peptides (90% of Ry, values in a range of 0.6-1.4) (Figure 4C-D and
Supplementary Figure 4). In contrast, the median Ry, values in E2 is 5.15 (Figure 4C-D),
supporting a higher level of glutathionylation in the presence of palmitate (heavy) versus
its absence (light). The coefficient of variation (CV) in E1 showed the median value of
14.6% (80% of CV in a range of 1-43%), supporting the relatively consistent Ry, values
among triplicate experiments. In the E2 experiment, the median value of CV is 50.2%
(80% of CV in a range of 17-88%). The relatively higher CV values for E2 versus E1
mostly resulted from low signals of glutathionylation detected in light-labeled peptides.
Examination of Ry, values and MS peaks for individual peptides in the E2 experiment
showed a broad range of Ry values upon addition of palmitate (Figure 4D). For example,
PYC C55 and ALDOA C338 have relatively low Ry, values, 0.83 and 2.25, respectively
(Figure 4D). On the other hand, BAG3 C184, CTTN C111, and CTTN C245 have high
Ry values, 9.66, 11.0, and 18.9, respectively (Figure 4D), suggesting their potentially
differential susceptibility to glutathionylation in response to palmitate availability.

Bioinformatic analysis identifies glutathionylated cysteines associated with sarcomere,
mitochondria, and cardiomyopathy

All identified proteins (n = 248) were examined for their localizations in DAVID gene
ontology (GO) analysis, finding that a high number of proteins are involved in the cytoplasm
(62.5%) in addition to the membrane (51.6%), nucleus (43.5%), mitochondria (22.2%),

and endoplasmic reticulum (9.6%) (Supplementary Figure 5). Next, we sought to examine
the major clusters of protein networks impacted by glutathionylation. The STRING and
clustering analysis** found a large cluster of proteins in cytoskeleton organization &
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remodeling with their median Ry, values of 6.0 (Figure 5A, left). Glutathionylated proteins
in this cluster (listed with Ry in E2) include GTPase for actin filament remodeling

[RAC1 C178 (Ry 5.33), RHOA C16 (Ry 5.13)], G protein subunits [GNB2 C182 (Ry,.
9.18) and GNB1 C204 (Rp,_ 5.50)], myosin motor proteins [MYH9 C988 (Ry; 9.62)

and MYL6 C2 (Ry 9.05)], actin-binding and structural constituent [CAPZB C206 (Rp,_
7.17), SPTANL1 C315, C1622 (R, 4.96, 5.14), TLN1 C1087, C1939 (Ry;_ 1.55 and 5.36)],
suggesting that glutathionylation may alter dynamics of cytoskeletal structural organization
(via modulation of GTPase activity or modification of structural proteins) that is essentially
integrated with myofibrillar and sarcomeric contractility in muscle.*® In addition, a large
cluster of proteins are implicated in translation with their median Ry value of 6, including
translation initiation and elongation factor [EIF3g C139 (Ry, 13.7), EEF2 C693 (R
8.44)] and ribosomal proteins (Figure 5A, middle). An additional large cluster of proteins
was found in carbohydrate metabolism with their median Ry, value of 6, as seen with
glycolytic proteins [LDHA C163 (Ry,;_ 9.67), PGK1 C50, C316 (Rpy_ 3.71, 7.52) and
GAPDH C245, C22 (Ry,_ 6.14, 7.45)] (Figure 5A, right).

Next, we analyzed a group of sarcomeric or myofibrillar proteins and mitochondrial
metabolic proteins because their oxidations under ischemic reperfusion have been found
impactful to cardiac contractility.18 28 We found 24 glutathionylated sarcomeric proteins
(DAVID GO annotation, 11% among 221 proteins with Ry, value > 2, Supplementary
Table 1) with their median Ry values of 6.8 (Figure 5B, left). The STRING and clustering
analysis found a few groups of clusters centered on contractile proteins [MYBPC3 C715
(Rp/L 4.24), MYL3 C74 (RyL 3.96)], sarcomeric structural proteins that interact with actin
filaments [FLNC C1349, C713 (Ry,_ 6.52, 8.92), CAPZB C206 (R 7.17), ACTN1 C370
(Rpy 9.17), SPTANL C315, 1622 (Ryy 4.92, 5.14)], chaperon and E3 ligase that regulate
protein stability [BAG3 C185 (R, 9.66), STUB1 C200 (Rp_ 5.66)] (Figure 5B, left, and
Supplementary Figure 6A). Therefore, identification of these proteins with their Ry values
suggests the potential impact of glutathionylation on contractility or structural integrity of
myofibrils upon ischemic stress.

In addition, 44 mitochondrial proteins were found (DAVID GO annotation, 20% among
221 proteins with Ry value > 2, Supplementary Table 1) with their median Ry values

of 6.0 (Figure 5B, middle). The STRING and clustering analysis of mitochondrial proteins
found a large group clustered with the electron transport chain (ETC) subunits and ATP
synthase [SDHC C107 (Ryy 15.47), NDUFS1 C727 (Ryyy. 4.94), ATP5H C101 (Ryy
2.88)] and the tricarboxylic acid cycle (TCA) metabolic enzyme [OGDH C395 (R, 8.11),
MDH2 C275 (Ry_ 3.62)], PCCA C107 (Rp 18.9)]. An additional cluster was found with
ATP transport and ion channel [SLC25A4 C160 (Rp,_ 6.69), SLC25A5 C160 (Ry,_ 5.73),
VDAC3 C65 (Ry 7.13), VDAC2 C77, C48 (R, 6.10, 5.55)] (Figure 5B, middle, and
Supplementary Figure 6B). Glutathionylation of these proteins may dampen ATP production
and alter membrane permeability in mitochondria, which is implicated in the impairment of
mitochondrial function after ischemic stress.*6

Lastly, we compared our list of glutathionylated proteins (221 proteins with Ry value
> 2, ‘glutathionylation network”) with all proteins whose dysregulations are associated
with cardiomyopathy (2000 proteins, ‘cardiomyopathy’ network) available in the STRING
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disease query, which identified 66 glutathionylated proteins associated with cardiomyopathy
(30% among 221 proteins with Ry, value > 2, Supplementary Table 1) with their

median Ry values of 5.2 (Figure 5B, right). The STRING and clustering analysis

found several similar clusters to sarcomere and mitochondrial proteins, such as clusters
involved in protein stability with chaperone and E3 ligase [BAG3 C185 (Rp 9.66),
STUB1 C200 (Ruy_ 5.66),], ATP production with TCA and ETC [SDHC C107 (Ru;_

15.5), NDUFS1 C727 (R, 4.94), ATP5H C101 (Ry,._ 2.88)], and cytoskeleton remodeling
and organization [RAC1 C178 (Rp_ 5.33), RHOA C16 (Rp,. 5.13), MYH9 C988

(Rp/L 9.62) and MYL6 C2 (Rpy 9.05)] (Figure 5B, right, and Supplementary Figure

6C), suggesting the potential implication of their glutathionylation in the etiology of
cardiomyopathy. However, to better predict functional implications of glutathionylation

on identified proteins, we examined all glutathionylated cysteines (n = 249, from mouse)
whether variants of the identified cysteines or their flanking residues (in human orthologs)
are linked to any muscular disorders in the UniProt database.*’ We found mutations of

18 cysteines or their nearby residues (£ 1 positions) in association with muscle dystrophy
or neuromuscular diseases (Table 1). Notably, mutations of 7 cysteines (listed with Ry
values in E2) are linked to amyotrophic lateral sclerosis 1 (ALS1) [SOD1 C147R (R,
1.37)], autosomal recessive axonal neuropathy with neuromyotonia (NMAN) [HINT1 C84R
(RyyL 2.18)], dilated cardiomyopathy [LMNA C522R (R, 4.71)], early infantile epileptic
encephalopathy [Sptanl C315R (Rp 4.93)], mitochondrial complex 11 deficiency [SDHA
C654R/S/G (R NL)], hypertrophic cardiomyopathy [MYBPC3 C715R (Ry, 4.24)],

or phosphoglycerate kinase 1 deficiency associated with hemolytic anemia or myopathy
[(PGK1 C316R (Ry, 7.52)] (Table 1). These analyses imply that their glutathionylations
may yield adverse functional outcomes associated with ischemic reperfusion.

Desmin and BAG3 are glutathionylated upon addition of palmitate

Among identified cysteines, we sought to validate glutathionylation of cysteines in

two proteins, desmin and Bcl2-related athanogene 3 (BAG3), in response to palmitate
availability (i.e., OGD/OGF vs. OGD/OG). Desmin is a muscle-specific intermediate
filament associated with Z-disks in sarcomeres.#® Desmin is essential for the integrity

of myofibrils, and its mutations are linked to myofibrillar myopathy (desminopathy).4°
Desmin has only one cysteine, C332, and we have previously validated its glutathionylation
in response to hydrogen peroxide (H,05).34 BAG3 is a multi-functional abundant co-
chaperone forming a complex with Hsc/Hsp70,50 which plays an important role in protein
quality control in muscle via its activity in autophagy, anti-apoptosis, and stabilization of
myofibrillar integrity.>0-51 Under stress, BAG3 shifts to Z-discs of the sarcomere, where it
stabilizes actin capping protein (CapzB).>! BAG3 mutations with functional loss are linked
to impaired Z-disc integrity,>? cardiomyopathy,>2 and myofibrillar myopathy.>3 BAG3 has
four cysteines (C154, C185, C295, and C378 in mouse), among which we identified
glutathionylation of C185 (C179 in human). To confirm glutathionylation of desmin and
BAG3, HL-1 cells expressing GS M4 were subjected to OGD/OGF versus OGD/OG. After
click reactions with biotin-alkyne and pull-downs of glutathionylated proteins, western blot
analysis found that repletion of glucose and oxygen after OGD (i.e., OGD/OG) did not
increase levels of glutathionylation of desmin (Figure 6A, lane 1 vs 2) and BAG3 (Figure
6B, lane 1 vs 2). However, addition of palmitate during repletion (i.e. OGD/OGF) induced
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high levels of glutathionylation of both desmin (Figure 6A, lane 1 vs. 3) and BAG3 (Figure
6B, lane 1 vs. 3), confirming that addition of palmitate is responsible for glutathionylation
of both desmin and BAG3. To determine glutathionylation at the specific cysteines, cysteine
mutants of mouse desmin (Des C332S) and human BAG3 (BAG3 C179S), along with their
wild types (WT), were produced and expressed to HEK293/GS M4. Similarly, desmin WT
(Figure 6A, lane 4 and 5 vs. 6) and BAG3 WT (Figure 6B, lane 4 and 5 vs. 6) showed

their glutathionylations only upon addition of palmitate during repletion (OGD/OGF vs.
OGD/OG). Importantly, both desmin C332S and BAG3 C179S showed no or low level of
glutathionylation even in the presence of palmitate during repletion (OGD/OGF) as opposed
to their WT (Figure 6A-B, lane 6 vs 9). These data confirm glutathionylation of their
specific cysteines during OGD/R.

Discussion

The mitochondrial ROS during ischemic reperfusion is well-known to cause muscle
damages, presumably via oxidative modifications of many muscle proteins.1® In this

report, we have monitored a global level of glutathionylation in response to metabolic
alterations, such as depletion of glucose and oxygen, or upon reoxygenation with repletion
of glucose and fatty acid (palmitate), which has been commonly used as a cellular model
for ischemia and ischemic reperfusion injury.! It is interesting to note that a global level

of glutathionylation is apparent under glucose depletion in normoxia (ambient O,), whereas
comparably low or absent in hypoxia (1% O,) and OGD (Figure 2). Overall, it suggests
that despite the adverse roles of hypoxia and OGD in muscle, molecular mechanisms
behind their pathological outcomes may not be significantly attributed to global induction
of protein glutathionylation, at least under current experimental conditions. On the other
hand, reoxygenation after OGD is a significant inducer for glutathionylation, but the

level of glutathionylation decreases when glucose is provided (Figure 3A), supporting the
important role of glucose in providing NADPH and restoring redox homeostasis. However,
the addition of palmitate during reoxygenation, even in the presence of glucose, resulted in
a high level of glutathionylation (Figure 3B). Additions of fatty acid oxidation inhibitors
(Et, Ra, PA) decreased levels of glutathionylation (Figure 3C). This agrees with reports that
enhancing glycolysis over mitochondrial beta-oxidation or blocking beta-oxidation relieves
detrimental effects of reperfusion injury.14-16 Accordingly, a decreased level of viability was
more apparent in the presence of palmitate than its absence. Our data are consistent with

a previous report that repletion of palmitate to the ischemic heart aggravates the infarcted
tissue, showing the significance of fatty acid (or palmitate) during ischemic reperfusion
injury.13 However, it is important to note the limitations of the current observations. The
current analyses have been made in an in-vitro model of OGD/R. While an OGD/R model
has reproduced similar outcomes to the in vivo system,! it uses artificial amounts of glucose
(0-25 mM) and oxygen (1-21%) in a culture system to which HL-1 cells have adapted for
growth and metabolic activity. For example, a high concentration of glucose (25 mM) used
in this cell line may be an adapted metabolic condition to maintain its redox homeostasis.
The exact oxygen concentration available to cells in in-vitro models varies depending on
the culture system.>* Therefore, the amounts of nutrients or oxygen that elicit the observed
effects in our in-vitro condition could differ from those in the in-vivo system.
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Considering the significance of fatty acid and its plasma availability during reperfusion,®
we identified glutathionylated cysteines upon addition of palmitate versus its absence
during repletion of oxygen and glucose (OGD/OGF vs. OGD/OG). Using our isotopically
labeled clickable glutathione with mass spectrometric analysis, we identified 221 cysteines
with Ry, values higher than 2. It is important to point out that this approach identifies
peptides conjugated with glutathione derivative on it,33-34 thus unequivocally specifying
the position of glutathionylated cysteines in the peptides. Among identified glutathionylated
proteins, a large cluster of glutathionylated proteins was found involved in controlling
dynamics of cytoskeletal structural organization (e.g., GTPase activity and actin filament
remodeling), suggesting that the cellular structural integrity could be compromised, as seen
in cardiomyocytes under ischemic reperfusion injury.> 55-56 Because sarcomere-associated
proteins are essential for contractile activity and their mutations contribute to many muscle
diseases,®’28 we also analyzed glutathionylated proteins associated with sarcomere or
cardiomyopathy. Selected clusters include contractile proteins, structural proteins, and
proteostasis (chaperone and E3 ligase), many of which were identified in our previous
proteomic analysis,33-34 albeit without quantification. The quantitative analyses with Ry
values would support a potential impact of glutathionylation on contractile activity or
structural stability of sarcomeres and myofibrils. Lastly, it is important to note that 18
cysteines susceptible to glutathionylation are found to have variants on their own or
neighboring residues (x 1) associated with muscular or other disorders (Table 1), thus
suggesting potential functional alterations upon their glutathionylation. This also highlights
the importance of site-specific identification as well as quantification, which enables to
foresee potential functional outcomes even in the absence of structural information.

Finally, we have validated two proteins, desmin and BAG3, whose mutations and
dysfunctions are strongly linked to cardiomyopathy and myofibrillar myopathy.49: 53 Qur

in vitro data validate glutathionylation of C332 (number in mouse) in desmin and C179
(number in human) in BAG3 under OGD/OGF. C332 in desmin is located in a coiled-

coil domain that is involved in its oligomerizations of intermediate filaments.# C332 is
conserved in other intermediate filaments, including vimentin C328,59 which has been
shown for its susceptibility to electrophile and interaction with zinc, resulting in a loss of
intermediate filament integrity.59-61 Thus, it is expected that desmin C332 glutathionylation
would result in a similar outcome in myocytes. Although structural information is not
available, C179 in BAG3 is distant from BAG (420-499) and PXXP (302-412) domains
that are essential for their chaperone and autophagy activities via binding to Hsp70 and
dynein, respectively.>0 However, C179 may be in a flexible and surface-exposed region,
probably due to its proximity to poly-serine residues (180-188). Overall, it will be important
to examine functional outcomes of glutathionylation on the identified cysteines, including
ones found in desmin and BAG3, in myocytes in further analyses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Clickable glutathione approach for detection of glutathionylation.
Glutathione synthetase mutant (GS M4) uses azido-Ala to synthesize azido-glutathione

(yGlu-Cys-azido-Ala, N3-GSH). After incubation of azido-Ala to HL-1 cells expressing
GS M4, azido-glutathione forms S-glutathionylation, which can be detected after the click
reaction.
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Figure 2. Global protein glutathionylation is significantly induced upon glucose deprivation (GD)
but relatively weak in hypoxia or oxygen-glucose deprivation (OGD).

(A-C) Analysis of protein glutathionylation under GD, hypoxia, or OGD. HL-1 cells
expressing GS M4 were incubated with azido-Ala. Cells were then subjected to decreasing
concentrations of glucose (0-25 mM) under normoxia (A), glucose deprivation in
comparison to hypoxia and OGD (B), or glucose deprivation in different percentages

of oxygen (1, 5, 21%) (C). After the stimulus, cells were lysed and subjected to click
reaction with Cy5-alkyne and analyzed for fluorescence (glutathionylation level) and
Coomassie stains (protein loading control). Data are representative of at least 3 independent
experiments. (D-G) Analysis of redox environment under GD, hypoxia, or OGD. HL-1
cells were independently analyzed, without using the clickable glutathione approach, for
ROS (D), a ratio of NADP* over NADPH (E), a ratio of oxidized glutathione (GSSG) over
reduced glutathione (GSH) (F), and viability (G) after subjecting cells in GD, hypoxia, or
OGD for 18 h. Data represent 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.
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Figure 3. Global protein glutathionylation increases upon the addition of palmitate during
repletion of glucose and oxygen after OGD (OGD/R).

(A-C) In-gel fluorescence detection of global levels of glutathionylation during repletion

of glucose or oxygen after OGD (A), repletion of palmitate after OGD (B), or co-addition
of fatty acid oxidation inhibitors during OGD/R (C). HL-1/GS M4 cells incubated with
azido-Ala were subjected to the indicated conditions after OGD (1% O, and no glucose)

in a hypoxic chamber, or co-treated with Etomoxir (Et), Ranolazine (Ra), or 4-pentenoic
acid (PA) in the presence of palmitate (1 mM) and BSA (170 uM). Cells were then lysed
and analyzed by in-gel fluorescence (glutathionylation level) or Coomassie stains (protein
loading control) after click reaction with Cy5-alkyne. Data are representative of at least

3 independent experiments. (D-G) Analysis of redox environment during OGD/R. HL-1
cells were analyzed for ROS (D), a ratio of NADP* over NADPH (E), a ratio of oxidized
glutathione (GSSG) over reduced glutathione (GSH) (F), and viability (G) after repletion of
glucose, oxygen, or palmitate for 2 h, following OGD for 8 h. Data represent 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.
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Figure 4. | dentification and quantification of glutathionylated cysteines upon addition of
palmitate.

(A) Isotopically labeled clickable glutathione approach to identify and quantify levels of
glutathionylation. After incubation of light or heavy azido-Ala, two cohorts of HL-1 cells
expressing GS M4 were subjected to OGD for 8 h (step 1), followed by repletion of
glucose and oxygen (OG) without or with palmitate for 2 h (step 2). Lysates collected
were combined and processed for click reactions with biotin-DADPS-alkyne, pull-down
with streptavidin beads, on-bead tryptic digestion, and elution of glutathionylated peptides
by acidic cleavage of DADPS linker, followed by LC-MS/MS to determine an MS1-peak
area ratio (Rp,) of heavy- to light-labeled peptides. (B) Two experimental conditions [E1:
OGD, followed by repletion of oxygen, glucose, and palmitate (OGF) for both heavy and
light isotopes. E2: OGD, followed by OGF for heavy isotope or repletion of oxygen and
glucose only (OG) for light isotope] and the number of quantified glutathionylated peptides.
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(C) Plots of Ry, values and the coefficient of variation (CV) of glutathionylated peptides.
Box plots are shown with the median value (line), box (25-75%), and whiskers (10-90%).
(D) Ry, values of individual glutathionylated peptides. Distribution of Ry values (top).
Examples of identified proteins with their cysteine residues are shown by the arrow and
yellow color. Graphical display of MS1-peaks showing relative quantification of heavy
(blue)- to light (red)-labeled peptides (bottom).
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Figure 5. Bioinformatic analysis of glutathionylated proteins upon addition of palmitate.
(A) The major biological process associated with the identified glutathionylated proteins.

Each biological process is shown with a plot of Ry values and selected clusters in
STRING analysis. (B) Analysis of glutathionylated proteins in association with sarcomere,
mitochondria, and cardiomyopathy. Among identified proteins, sarcomere-associated
proteins (left) and mitochondrial proteins (middle) were identified from the DAVID GO
database. Glutathionylated proteins associated with cardiomyopathy (right) were identified
from cardiomyopathy disease query in STRING analysis. The identified proteins are shown
after STRING and cluster analysis with plots of Ry values. The names of clusters were
assigned based on proteins in individual clusters after DAVID GO analysis. Glutathionylated
proteins with low Ry values (below 50% in the group) and high Ry, values [over 50% in
the group and NL (no light but heavy label found)] are shown with white and pink colors in

circles, respectively.
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Figure 6. Desmin and BAG3 are glutathionylated upon addition of palmitate during OGD/R.
(A) Glutathionylation of desmin C332. (B) Glutathionylation of BAG3 C179. HL-1 cells

expressing GS M4 were used without transfection. Alternatively, HEK293/GS M4 cells
were transfected with wild-type or cysteine mutants of desmin or BAG3. Cells were then
subjected to OGD for 8 h, followed by the addition of oxygen, glucose, and palmitate with
BSA (OGD/OGF) or oxygen-glucose only (OGD/OG) for 2 h. Glutathionylated proteins
were processed for click reaction with biotin-alkyne and pull-downs with streptavidin beads
and analyzed by western blotting with individual antibodies for desmin, BAG3, and FLAG.
Data are representative of 2 independent experiments. A symbol (») indicates a non-specific
band. Two bands in the FLAG-BAGS3 blot appear to result from two BAG3 forms.52
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