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Abstract

Reactive oxygen species (ROS) are important signaling molecules, but their overproduction is
associated with many cardiovascular diseases, including cardiomyopathy. ROS induce various

oxidative modifications, among which glutathionylation is one of the significant protein oxidations
that occur under oxidative stress. Despite previous efforts, direct and site-specific identification of
glutathionylated proteins in cardiomyocytes has been limited. In this report, we used a clickable

glutathione approach in a HL-1 mouse cardiomyocyte cell line under exposure to hydrogen
peroxide, finding 1,763 glutathionylated peptides with specific Cys modification sites, which
include many muscle-specific proteins. Bioinformatic and cluster analyses found 125
glutathionylated proteins, whose mutations or dysfunctions are associated with cardiomyopathy,
many of which include sarcomeric structural and contractile proteins, chaperone, and other

signaling or regulatory proteins. We further provide functional implication of glutathionylation for

several identified proteins, including CSRP3/MLP and complex I, I1, and 11, by analyzing

glutathionylated sites in their structures. Our report establishes a chemoselective method for direct

identification of glutathionylated proteins and provides potential target proteins whose
glutathionylation may contribute to muscle diseases.
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INTRODUCTION

Reactive oxygen species (ROS) have emerged as important regulatory signaling molecules
while their excess production contributes to various diseases, especially in the cardiovascular
system.1=2 Myocardial ischemic reperfusion, which has been investigated for several
decades, is well-known to induce excess ROS production from various sources, including
NADPH oxidase and mitochondria.3 A high level of ROS production in the heart is
associated with dysregulation of calcium signaling, reduction of myofilament contractile
force, and mitochondrial dysfunction,! all of which contribute to organ or tissue damages.3*
In addition, more recent studies have demonstrated that oxidative stress resulting from
ischemic reperfusion induces activation of several proteases, including MMP-2, with
subsequent degradation of several sarcomeric proteins, such as titin and a-actinin, that are
essential for maintenance of contractile sarcomeres,>~ suggesting significance of ROS in
cardiac and skeletal myocytes.

One of the major consequences of ROS in cells includes protein oxidation,8 especially at
redox-sensitive Cys residues, such as sulfenylation, disulfide formation, and
glutathionylation.® Glutathionylation involves formation of a disulfide bond between a
protein Cys residue and glutathione in response to various redox stimuli, thus causing
structural and functional changes of numerous proteins.1? Several examples, especially in
muscle cells, include glutathionylation of SERCA and ryanodine receptors that regulate
calcium flux.11-12 Glutathionylation of complex | in the electron transport chain correlates
with decrease in cellular energy production.10: 13-14 Glutathionylation of myofilament and
sarcomeric proteins, such as titin,1° actin,16 and troponin 1,17 alters contractile functions of
myofilaments. We recently showed that glutathionylation of sarcomere-associated SMYD2
contributes to degradation of sarcomeric proteins.18 In addition, glutathionylation of myosin-
binding protein C (MyBP-C) was shown to correlate with diastolic dysfunction in a
hypertensive stress model.19

With the growing importance of glutathionylation in cardiac function, several strategies have
been developed for proteomic identification of glutathionylated proteins.2° Biotinylated
glutathione disulfide (biotin-GSSG) has been used to induce glutathionylation in the heart
and other tissue homogenates, finding ~33 proteins.2! Gel-based diagonal electrophoresis
has been applied to cardiomyocytes, finding protein disulfide and glutathionylation in ~93
proteins.22 Nitric oxide-induced S-oxidations in cardiomyocytes have been studied, finding
over 260 Cys sites of glutathionylation.23 More recently, exercise-induced glutathionylation
in mouse skeletal muscle tissue has been identified and quantified, finding over 2,200 Cys
sites of glutathionylation.24 The latter two approaches23-24 provide an efficient means to
identify glutathionylated proteins, but rely on indirect detection of glutathionylated residues,
such as a resin-capture or isobaric tagging after reduction of glutathionylated proteins.

J Proteome Res. Author manuscript; available in PMC 2020 April 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

VanHecke et al.

Page 3

Despite these significant advance, direct detection of specifically glutathionylated proteins at
a proteomic level has been limited, especially in cardiomyocytes.

We recently developed a clickable glutathione method to detect glutathionylated proteins.
25-26 | our approach, a mutant of glutathione synthetase (GS M4) leads to /n situ
biosynthesis of clickable glutathione (-yGlu-Cys-azido-Ala, azido-glutathione, N3-GSH)
upon incubation of azido-Ala to cells (Figure 1a).25 A clickable functionality on glutathione
serves as a chemical tag for direct identification of glutathionylated proteins after click
reaction with biotin-alkyne or rhodamine-alkyne (Figure 1a).29 A modified azido-
glutathione is a good substrate of glutathione disulfide reductase (GR), glutathione
transferase omega (GSTO) and glutaredoxin, without significant alteration of the redox
system.18. 27 We have previously used a clickable glutathione approach for proteomic
analysis of glutathionylated proteins in HEK293 cells, without identification of specific Cys
residues.2” In this report, we have established our clickable glutathione method for direct
identification of glutathionylated peptides with specific Cys sites, especially by adopting
silyl ether-based cleavable biotin-alkyne28 for chemoselective elution and subsequent
tandem mass analyses. We have applied this approach to HL-1 mouse cardiomyocytes,
finding over 1,700 glutathionylated peptides with specific Cys sites. Bioinformatic analyses
suggest that various biological processes could be affected by glutathionylation, including
metabolism, translation, and protein folding. Further STRING and clustering analyses with
cardiomyopathy-relevant genes found 125 glutathionylated proteins whose mutation or
functional alterations are associated with cardiomyopathy. We also highlight several
glutathionylated proteins in the sarcomere and the electron transport chain to suggest the
potential functional effects of their glutathionylation based on the Cys sites.

EXPERIMENTAL PROCEDURES

Material

Azido-alanine was synthesized as previously described.2® Other materials were purchased
from the following vendors: biotin-DADPS-alkyne, biotin-DDE-alkyne, biotin-PC-alkyne
and THPTA (Click Chemistry Tools), glucose oxidase (G2133), HL-1 cell line (SCC065),
Claycomb medium (51800C), norepinephrine (A0937) (Sigma), Polybrene (Millipore), fetal
bovine serum (HyClone), penicillin and streptomycin (Gibco), streptavidin-agarose (20359,
Pierce), protease-inhibitor cocktail (A32955, Pierce), and Trypsin/Lys-C Mass spec grade
(V5072, Promega). Adenovirus expressing GS M4 (Ad/GS M4) was prepared by Vector
Biolabs.

Cell culture and induction of glutathionylation.

HL-1 cells were maintained at 37 °C in a 5% CO, humidified atmosphere and were cultured
in Claycomb medium supplemented with 10% FBS, penicillin (100 units/mL), streptomycin
(100 pg/mL), norepinephrine (0.1 mM), and L-glutamine (2 mM) in fibronectin-gelatin-
coated flasks. HL-1 cells were tested negative in mycoplasma detection test. HL-1 cells
(80% confluency) in DMEM with 2% FBS were infected by incubating Ad-GS M4 along
with polybrene. After 6 h, cells were incubated in Claycomb medium with 10% FBS for
additional 18 h. Cells were then incubated with azido-Ala (0.6 mM) in Claycomb medium
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with 10% FBS for 24 h and treated with glucose oxidase (6 units) for 10 min to induce
glutathionylation. Glucose oxidase (6 units) produces 6 umole of hydrogen peroxide (Ho05)
per min at pH 5.1, which equals to 1.5 mM per min (4 mL volume in our study). Glucose
oxidase activity decreases to ~33% at pH 7.5 versus pH 5,30 thus the activity was presumed
to be ~0.5 mM of H,0, per min. Cells were then lysed using a lysis buffer [L00 mM HEPES
pH 7.6, 1% SDS, 100 mM LiCl, protease inhibitor cocktail, and 50 mM N-ethylmaleimide
(NEM)]. Lysates were incubated at 4 °C for 30 min and passed through a 26-gauge needle
(15 times) on ice. Protein concentration was determined by the Bradford assay.

Click chemistry and proteomic sample preparation.

Proteins (10 mg) were precipitated with ice-cold acetone (4 volumes of lysates). After
centrifugation at 13,000 RPM for 15 min, the supernatant was removed. The pellet was air-
dried for 5 min and resuspended in Solution A (1.44 mL for 10 mg proteins, PBS, pH 7.4,
0.1% SDS) with sonication. The resuspended solution was mixed and incubated with biotin-
alkyne (final 0.4 mM, 160 pL of 5 mM stock in DMSO), CuBr [final 2 mM, 200 pL of 20
mM stock in DMSO/'BUOH (3/1)], and THPTA (final 2 mM, 200 uL of 20 mM stock in
water) for 2 h at room temperature. Proteins were then precipitated with ice-cold acetone
and the pellet was dissolved in Solution B (1 mL, PBS, 1.2% SDS) with sonication.
Resuspended proteins were added to streptavidin-agarose (100 uL bead volume) suspended
in PBS (5 mL) and incubated overnight at 4 °C. Proteins on beads were washed with PBS
containing 0.2% SDS (3 x 5 mL) and PBS only (3 x 5 mL). Proteins on beads were
incubated in a denaturation solution (0.5 mL, PBS, 6 M urea) at 37 °C for 45 min. After
centrifugation, proteins on beads were incubated in a digestion buffer (0.2 mL, PBS, pH 7.4,
2 M urea, 1 mM CaCly, 5 ug Trypsin/Lys-C) overnight at 37 °C. Beads were then washed
with PBS containing 0.2% SDS (3 x 1 mL), PBS only (3 x 1 mL), and water (3 x 1 mL).
After digestion, peptides on beads were eluted by incubating beads in 10% aq. formic acid
(100 pL x 2) for 30 min for biotin-DADPS-alkyne, followed by a wash (100 pL). Similarly,
peptides or proteins were eluted by 2% hydrazine in PBS for biotin-DDE-alkyne or UV-
irradiation (365 nm wavelength) for biotin-PC-alkyne. Eluted sample (300 pL) was
lyophilized and analyzed by LC-MS/MS.

LC-MS/MS analysis.

Peptides were separated by UHPLC reverse phase chromatography with an EASY-nLC 1000
liquid chromatography system (Thermo) and introduced into an Orbitrap FUSION mass
spectrometer (Thermo). MS1 scans were between 350-1600 m/z and at 240,000 orbitrap
resolution. Abundant peptides with +2 or +3 charges were fragmented by collision-induced
dissociation (CID) at 35% collision energy, and peptides with charges between +3 and +7
were fragmented by electron-transfer dissociation (ETD) using calibrated charge-dependent
ETD parameters. All MS2 fragmentations were acquired with ion traps at 0.60 Da
resolution.

Database searching.

All MS/MS samples were analyzed using PEAKS Studio [Bioinformatics Solutions, version
8.5 (2018-05-07), Waterloo, Canada]. Charge state deconvolution and deisotoping were not
performed. PEAKS Studio was set up to search the Uniprot_Mus_Compl_20170714
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database, assuming the digestion enzyme as trypsin. PEAKS Studio was searched with a
fragment ion mass tolerance of 0.60 Da and a parent ion tolerance of 10.0 ppm. Glu to pyro-
Glu of the N-terminus, Gln to pyro-Glu of the N-terminus, deamidation of Asn and GIn,
oxidation of Met, acetylation of the N-terminus, NEM maodification of cysteine, and
glutathionylation of cysteine (+444 Da) were specified in PEAKS Studio as variable
modifications.

Protein identification.

Scaffold (version Scaffold_4.8.6, Proteome Software Inc., Portland, OR) was used to
validate MS/MS-based peptide and protein identifications. Peptide identifications were
accepted if they could be established at greater than 99.0% probability by the peptide
prophet algorithm3! with Scaffold delta-mass correction. Protein identifications were
accepted if they could be established at greater than 99.0% probability and contained at least
one identified peptide. Protein probabilities were assigned by the protein prophet algorithm.
32 A protein prophet false discovery rate (FDR) was 0.4% and a peptide prophet FDR was
0.06%. Proteins that contained similar peptides and could not be differentiated based on
MS/MS analysis alone were grouped to satisfy the principles of parsimony. Proteins were
annotated with GO terms from NCBI (downloaded Oct 25, 2018).33

Bioinformatics.

RESULT

Proteins that appeared N=2 times in the positive samples were submitted to DAVID GO
analysis (https://david.ncifcrf.gov/). For STRING analysis using the Cytoscape software, the
identified mouse proteins for glutathionylation were converted to the human equivalents,
which were loaded into STRING program as a ‘glutathionylation” network. This
‘glutathionylation’ network was then merged with a ‘cardiomyopathy’ network that consists
of cardiomyopathy proteins (cutoff value of 0.4) loaded from the STRING disease search.3*
This merged network was then subjected to CLUSTER MAKER analysis using MCL
Clustering with a granularity parameter of 4 and array sources from score. Similarly, 125
proteins that belong to both ‘cardiomyopathy’ and ‘glutathionylation” networks were
selected and clustered as described above.

Detection of glutathionylated proteins in HL-1 cells

We previously used a clickable glutathione approach in HEK293 and H9c2 cells.18: 27 To
extend our work to cardiomyocytes, we used a HL-1 mouse cardiomyocyte cell line, which
is derived from AT-1 mouse atrial cardiomyocyte tumor lineage, maintains striated
myofibrils with contractility, and retains a similar gene expression profile to adult atrial
myocytes,3 thus suitable to find cardiac proteins in proteomic analyses. A glutathione
synthetase mutant (GS M4) was expressed to HL-1 cells by infecting with adenovirus
expressing GS M4 (Ad-GS M4). The level of overexpressed GS M4 was significantly higher
than that of endogenous glutathione synthetase (GS) (Figure S1A). GS M4 expression did
not alter expression of y-glutamyl-cysteine-ligase (yGCLC), a rate-limiting enzyme in
glutathione biosynthesis, nor levels of Trx1, Grx1, and cellular thiols (Figure S1), suggesting
no significant perturbation of redox systems in cells.18: 27 After incubation of azido-Ala,
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HL-1 cells were treated with glucose oxidase (GluOx), which produces hydrogen peroxide
(H,05) by consuming glucose.3® The subsequent click reaction with Cy5-alkyne and in-gel
fluorescence analysis showed strong signals of glutathionylated proteins upon addition of
GluOx in dose- and time-dependent manners (Figure 2A and Figure S2). To identify a high
number of potential glutathionylated proteins, we selected a relatively high concentration of
GluOx, while incubating a short time period (10 min), which is expected to produce a
relatively high amount of H,0, based on catalytic activity of GluOx (~0.5 mM H,0,/min).

Optimization for mass spectrometry identification of glutathionylated proteins

Our clickable glutathione approach uses azido-glutathione /n situ synthesized in cells
expressing GS M4.25 After glutathionylation, all glutathionylated proteins can be enriched
by binding to streptavidin-agarose after click reaction with biotin-alkyne. After on-bead
trypsin and Lys-C digestion, glutathionylated peptides can be eluted and analyzed by LC-
MS (Figure 1B). To detect the specific Cys sites, we used cleavable biotin-alkyne,28 which
allows for elution of glutathionylated peptides without biotin, thus leaving a relatively small
fragment of modification to the glutathione derivative conjugated to a Cys residue (Figure
1B and Figure S3). To maintain disulfide bonds in glutathionylation, we selected biotin-
alkyne derivatives that include three different types of cleavable linkers compatible with
non-reducing conditions, such as [1-(4,4-dimethyl-2,6-dioxocyclohex-1-ylidene)-ethyl,
(DDE)],%7 dialkoxydiphenylsilane (DADPS),28 or photocleavable group (PC)%8 (Figure 1B
and Figure S3). Biotin-DDE-alkyne, biotin-DADPS-alkyne, and biotin-PC-alkyne can be
cleaved by hydrazine at neutral pH,37 an acidic condition (10% formic acid), or irradiation at
365 nm, respectively.28

After confirming detection of glutathionylation in HL-1 cells (Figure 2A), we investigated
enrichment of glutathionylated proteins and the efficiency of their elution by use of three
biotin-alkyne derivatives. After click reaction with three different biotin-alkyne derivatives,
all biotinylated glutathionylated proteins were captured on streptavidin beads and eluted at
elution conditions specific to individual linkers, which were analyzed by silver staining in
gels. With both DDE and DADPS linkers, stronger signals of eluted proteins were detected
with samples treated with GluOx as opposed to without GluOx (Figure 2B and Figures
S4A), suggesting selective elution of glutathionylated proteins by cleavable linkers.
However, the PC linker did not show efficient elution upon irradiation while there is
significant enrichment with biotin-PC-alkyne comparable to other linkers (Figure S4A).

Due to low efficiency of elution by the PC linker, we next proceeded to digestion and elution
of peptides by two linkers (DDE and DADPS). The enriched glutathionylated proteins on
beads were subjected to on-bead digestion with trypsin and Lys-C overnight. Our gel
analysis showed apparently complete digestion of all proteins by trypsin and Lys-C under
non-reducing conditions (Figure S4B). After digestion, the cleavage of a DDE linker by
hydrazine in a neutral buffer or water resulted in a high amount of salts, which needed a
significant desalting step before or during LC-MS analyses. Despite highly efficient elution
of glutathionylated proteins with a DDE linker in gel analyses, the number of identified
peptides in LC-MS/MS with a DDE linker was relatively small (<100). We also observed the
fragile nature of -y-glutamyl-cysteine bond in glutathione during LC-MS analyses (Figure
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S5), as seen previously,!3 suggesting the challenge of direct detection of glutathionylated
peptides in mass analyses. Further optimizations, such as different collision energy in LC-
MS, removal of desalting steps, or in-solution digestion, did not improve the result
significantly. Despite the successful use of a DDE-linker in previous proteomic studies,3"~38
we concluded that this linker may not be suitable in our proteomic analyses that involve
disulfide bonds in glutathionylation. In contrast to a DDE-linker, the same procedure of
enrichment and on-bead digestion, while eluting in an acidic condition from the DADPS
linker, resulted in about 10 times higher number of glutathionylated peptides in LC-MS
analyses, suggesting that biotin-DADPS-alkyne is more suitable to find glutathionylated
peptides in our proteomic analyses than other cleavable linkers.

Identification and STRING analyses of glutathionylated proteins

Mass analysis of glutathionylated peptides from HL-1 cells incubated with GluOx (positive
sample, minimum 2 out of 3 hits in triplicates) has found 1,001 glutathionylated proteins and
1,763 peptides (positive sample, minimum 2 out of 3 hits) with specific cysteine sites (99%
protein and peptide thresholds) (Figure 2C and Table S1). A large number of
glutathionylated peptides were identified with +3 charge states (71.6%), which were equally
annotated by both fragmentation methods, CID (49%) and ETD (51%), in MS2 spectrums.
Among all identified spectrums, 93% spectrums contain glutathionylation on peptides, while
7% or less spectrums show peptides without glutathionylation, suggesting relatively specific
enrichment and cleavage of glutathionylated peptides. The sequence analysis surrounding
glutathionylated Cys did not find any apparent conserved sequence motif (Figure S6), which
agrees with a previous report that the local environment around Cys, rather than the
sequence itself, may be important for glutathionylation.3%-40 Interestingly, a relatively small
portion of our identified proteins (ca. 27%, 274 out of 1,012 proteins) was found in previous
proteomic analysis of glutathionylation from fatigue mouse skeletal muscle (Figure S6),
suggesting that identity of glutathionylated proteins may depend on biological contexts.
Notably, without treatment of GluOx, we have found 96 glutathionylated proteins (negative
sample, minimum 2 out of 3 hits in triplicates) among which 85 proteins were also found in
the positive samples, whereas 11 proteins were only found in negative samples (Figure 2C).
For example, SERCA was found to be glutathionylated at C998 in the C-terminus even
without incubation of GluOx, while its glutathionylation was found at C998 and additional
Cys residues after incubation of GluOx (Table S1). However, the number of total spectrum
counts of glutathionylated peptides in the negative samples was relatively low, suggesting
that they may represent a low level of glutathionylation or result from their high redox-
sensitivity prone to oxidation even under a low level of ROS.

Interestingly, DAVID gene ontology (GO) analyses*! showed that the largest number of
glutathionylated proteins are localized at mitochondria (Figure 2D), suggesting that
glutathionylation would make a significant impact on mitochondrial function. Consistently,
many identified proteins are involved in mitochondrial metabolic processes, but also notably
in translation, cell-cell adhesion, and protein folding (Figure 2D). Next, we sought to
analyze our list of glutathionylated proteins for its relevance to cardiomyopathy by using
STRING analysis.3* Because cardiomyopathy-relevant genes are documented in human
proteins in STRING analysis, our identified proteins from the mouse HL-1 cell line were
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converted to corresponding human orthologs (964 proteins, ‘glutathionylation’ network),
which were then merged with all proteins (1,359 proteins, ‘cardiomyopathy’ network) linked
to cardiomyopathy imported from STRING disease query (Figure 3A). After merging two
networks, clustering analyses showed that glutathionylated proteins interact with
cardiomyopathy-relevant genes in the process of metabolism, tRNA acylation, chaperone,
ubiquitination, sarcomere assembly, electron transport complex, and apoptosis (Figure S7).
Importantly, we found that 125 out of 964 glutathionylated proteins belong to the genes
whose mutations or dysfunctions are associated with cardiomyopathy (Figure 3A and Table
S2). 125 identified proteins are mainly clustered in the process of sarcomere assembly,
chaperone, mitochondrial metabolism, tRNA aminoacylation, and calcium signaling (Figure
3B), suggesting significance of glutathionylation in these processes in the etiology of
cardiomyopathy.

Ischemic reperfusion causes a production of ROS, which makes a significant impact on the
muscle contractile units, sarcomeres and myofibrils, by direct oxidative modifications on
sarcomeric proteins.8 Our cluster analyses of 125 proteins also indicated the significance of
sarcomeric proteins for cardiomyopathy (Figure 3B). Therefore, we searched for a list of
glutathionylated proteins associated with the sarcomere. We found 31 glutathionylated
sarcomeric proteins (selected from NCBI GO annotation database in Scaffold) in the
positive samples (Table 1), which include myofilament proteins [e.g. myosin heavy and light
chains (MYH and MYL), actin, and myosin-binding protein C (MYPC3)], sarcomere-
associated structural proteins [e.g. a-actinin (ACTN4), capping protein (CAPZB), desmin
(DESM), and filamin C (FLNC)], and regulatory or adapter proteins [e.g. cysteine and
glycine-rich protein 3 (CSRP3) and LIM domain-binding protein 3 (LDB3)]. Interestingly,
many identified proteins are localized at the Z-disk of a sarcomere (Table 1), the lateral
boundary of a sarcomere, which is important for structural stability of sarcomeres and is a
nodal point of mechano-transduction signaling, such as force transmission from and to the
sarcolemma.*243 |dentified proteins were provided with a disease score (in a range of 0-5)
in STRING analysis (Table 1) with the highest values for several proteins (e.g. CSRP3,44-45
desmin,*6-47 LDB3,%8-49 and nexilin®7) that are important for maintaining the sarcomere
integrity. To validate mass spectrometry-based identifications, we have examined
glutathionylation of selected sarcomere-related proteins (CSRP3 and a.-actinin) by an
alternative method. After enrichment of glutathionylated proteins by streptavidin-agarose,
eluted proteins were analyzed by Western blotting, which confirmed glutathionylation of
CSRP3 and a-actinin upon incubation of GluOx (Figure S2). Overall, these data suggest that
glutathionylation of the identified sarcomeric proteins may alter the protein network in the
sarcomere, contributing to muscle contractile dysfunction.

Structural analyses of glutathionylated Cys residues

Next, we sought to locate glutathionylated Cys sites in selected available structural data,
which may allow to predict the potential functional effect of glutathionylation. Among
sarcomeric proteins, we noted CSRP3 whose human ortholog is known as muscle LIM
protein (MLP). CSRP3/MLP plays an important role as a regulatory protein in the sarcomere
as well as a co-transcription factor in the nucleus.#> 51 Multiple mutations of MLP are
known to cause cardiomyopathy.52-54 MLP/CSRP3 has two zinc-finger LIM domains
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(LIM1 and LIM2) (Figure 4A), which are involved in self-dimerization and binding
interactions with actin filaments, respectively, thus crosslinking actin filaments or blocking
actin depolymerization.25-56 More recently, MLP was also reported to be a negative
regulator of protein kinase Ca. (PKCa) that is a key mediator of hypertrophy and heart
failure.*®> We identified glutathionylation at C25 in CSRP3/MLP (Figure 4B), which is
located at the LIM1 domain (Figure 4C). Although C25 is not involved in zinc-binding, it
lies at proximity (6-7 A) to S54 and E55 (Figure 4C) whose mutations are associated with
hypertrophic cardiomyopathy.52 A bulky glutathione (~8 x 10 A area) modification at C25 is
likely to disrupt CSRP3/MLP conformation around S54 and E55, which may contribute to
functional alteration of CSRP3/MLP.

In addition to sarcomeric proteins, ATP energy production from mitochondria is essential for
muscle function. We have found glutathionylation of complex I, I, and Il in the electron
transport chains (Table 2), among which glutathionylation of complex I and 11 has been
examined previously.13 57 Complex I has a large structure (1.7 MDa) with 14 core subunits,
which are essential for electron transfer coupled with proton pump, and 31 supernumerary
subunits, which are largely absent in prokaryotes.>8-59 Among 45 subunits in complex I, we
found glutathionylation of 6 Cys residues in two core subunits (NDUFS1 and NDUFS2) and
8 Cys residues in 7 supernumerary subunits (Table 2 and Figure 5A). NDUFS1 (also known
as 75 kD subunit, Figure 5A) contains iron-sulfur clusters (ISC), mediating the electron
transfer from FMN in NDUFV1 (51 kD) to ubiquinone (UQ) in a binding site surrounded by
NDUFS2 (49 kD), ND1, and NDUFS7 (PSST) subunits®® (Figure 5A). Our glutathionylated
Cys residues in NDUFS1 include C75, C367, C463, C554, and C727 (Table 2). In the
available structure (PDB: 4XTD) of complex 1,50 C727 is at the flexible C-terminus, thus not
determined in the structure. C367, C463, and C554 are relatively exposed to the protein
surface (Figure 5B-C). However, all of them are distant from the electron transfer cofactors
(Figure 5A-C). In contrast, C75 in NDUFSL1 is relatively buried, but in proximity to iron-
sulfur clusters (~5 A) (Figure 5D), suggesting that glutathionylation at C75 could
functionally interfere with the electron transfer through iron-sulfur clusters. In addition to
NDUFSL1 (75-kD), we also identified glutathionylation of C347 in NDUFS2 (known as 49-
kD subunit), which is relatively proximal (~20 A) to a UQ-binding site (Figure 5E).
However, in this structure, C347 is in a-helix while facing away from the protein surface
(Figure 5E). Thus, glutathionylation at C347 may not occur significantly, whereas its
glutathionylation could distort the conformation around the UQ-binding site.

In addition to catalytic core subunits, it is notable to see glutathionylation of 7
supernumerary subunits (Table 2, Figure 5A and Figure S8) where identified Cys residues
are largely exposed to surface (Figure 5A and Figure S8). Biological significance of
supernumerary subunits are less understood than core subunits, but supernumerary subunits
are known to contribute to stability and assembly of the complex among other functions.
58,61 Recently, supernumerary subunits are suggested to be implicated in forming a mega-
complex or respirasome containing complex I, I1, 111, and 1V that increases efficiency of
electron transfer.50: 62 We have identified glutathionylation of NDUFB9 and NDUFA9
subunits in complex I (Table 2), which are at the interface with complex Il and complex I,
respectively (Figure 6C, left). Therefore, glutathionylation at NDUFB9 and NDUFAS in
complex | may affect stability of a mega-complex under oxidative stress.
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Complex 111 forms an asymmetric dimer, with each monomer made of three redox-active
subunits (CYC1, CYB, UQCRFSL1) and 8 other subunits, which catalyzes transfer of two
electrons from ubiquinol (UQHS>) to two cytochrome C. We identified glutathionylation at
UQCRC1 (Table 2 and Figure 6A), which is one of two core subunits (UQCRC1 and
UQCRC?2) in complex I1l. Recent structural data show that UQCRC1 of complex Il forms
significant interactions with NDUFB9 and NDUFB4 of complex | in a mega-complex
(Figure 6C).89 Our identified glutathionylated Cys residues (C268, C410, C453) in
UQCRC1 (Figure 6A) are located at this interface, especially C268 (about 10 A away from
NDUFB9) (Figure 6C), Thus, glutathionylation of UQCRC1 may disrupt the assembly
between complex | and I11.

Complex Il is made of four subunits, including two hydrophilic subunits (SDHA and SDHB)
at the matrix and two membrane-anchor proteins (SDHC and SDHD), which transfer two
electrons to UQ resulting from oxidation of succinate to fumarate.53 Our identified
glutathionylated Cys residues (C467, C475, C654 in our mass analysis, Table 2,
corresponding to C425, C433, C612 after N-terminal cleavage) are in the SDHA subunit that
contains a FAD cofactor (Figure 6B). C612 is close to the protein surface, but relatively
hidden and surrounded by four aromatic or basic residues (W77, H98, F81, R78). However,
C612 is at relatively flexible C-terminus, which may allow for its glutathionylation. C425
and C433 are at a-helix that extends to interact with a FAD cofactor (Figure 6B). Thus,
bulky glutathione modifications on C425 and C433 residues may affect the anchored FAD
conformation.

DISCUSSION

The significance of ROS or oxidative stress in myocytes is documented extensively in
various muscle-relevant diseases, including cardiomyopathy, heart failure, and muscle
dystrophy,: 4 which are in part attributed to oxidative modifications, including
glutathionylation, of many muscle proteins.8 In this report, we have used a clickable
glutathione approach that allows for direct identification of glutathionylated peptides in
proteomic mass analysis, without a need to reduce and re-alkylate glutathionylated Cys
residues in a common biotin-switch method.29 With this approach, we identified over 1,000
proteins that are susceptible to glutathionylation in HL-1 cells in response to H,O, with over
1,700 glutathionylated peptides, which include muscle-specific proteins. In our approach, we
have adopted a cleavable linker, which leaves a small fragment of modification on
glutathionylated peptides after cleavage or elution, thus increasing possibility of direct
identification by mass spectrometry analysis. Interestingly, our procedure of enrichment with
a biotin-DDE-linker resulted in a small number of identifications, as opposed to its several
successful uses in previous studies, 3738 suggesting relative challenge for identification of
glutathionylated proteins under oxidizing conditions. Overall, we found a silyl ether-based
DADPS linker is suitable for our clickable glutathione approach that involves copper-
mediated click chemistry and disulfide-bonds in glutathionylation.

DAVID GO analysis indicated a large number of glutathionylated mitochondrial proteins,
together with cytosolic proteins, which may be expected due to high dependency of
mitochondria in myocytes while suggesting significance of glutathionylation on
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mitochondrial proteins in myocytes. Our STRING and cluster analyses suggest 125
glutathionylated proteins that are functionally relevant to cardiomyopathy. It is notable to
find clustered proteins in the biological process of sarcomere maintenance, chaperone, and
metabolism, many of which are known to be largely redox-sensitive. In our analysis, we
have focused on sarcomere-associated proteins that are essential for contractile functions in
muscle. It is interesting to find that many of our identified sarcomeric proteins are located at
the Z-disk, which is thought to have limited accessibility of oxidants due to a high level of
organization,%4 as opposed to I-band that is more accessible to oxidants due to many
stretchable domains during relaxation.5® Due to the importance of Z-disk for sarcomere
stability and mechano-transduction signaling, our analysis suggests that glutathionylation at
the Z-disk may impact sarcomeric contractile functions.

Identification of glutathionylated proteins serves as an initial step toward understanding the
functional significance of glutathionylated proteins.? Importantly, identification of specific
glutathionylated Cys residues, when combined with available structural information, could
allow for predicting functional alteration of identified proteins at a molecular level. We have
highlighted such examples with a sarcomere-associated protein, CSRP/MLP, and three
mitochondrial complexes I, 11, and I11. To our knowledge, functional implication of
CSRP3/MLP oxidation has not been investigated. Our mass analyses identified
glutathionylation of MLP, but also other L1M-containing proteins, including LBD3 and
PDLI5, that are important for sarcomere stability at the Z-disk.42 LIM domains contain
many Cys residues that bind with Zn atoms. Oxidation of such Cys residues would impair
protein-protein interactions mediated by LIM domains in these proteins. Recently, complex
I, 11, 111 and their mega-complex structures were analyzed.>9-60.62-63 Qur analysis of
available structures suggests a potential impact of individual glutathionylation on the mega-
complex formation in addition to catalytic functions. Previously, glutathionylation of
complex | was investigated, finding glutathionylation at two major Cys residues (C704 and
C531) in NDUFS1 (75-kD) and others (e.g. C367) in NDUFV1 (51-kD)13: 66 which
decreases complex | catalytic activity.13-14 Two Cys residues (C704 and C531) in NDUFS1
were also found in our mass analysis (corresponding to C727 and C554 in our study), but we
did not find any Cys residue in NDUFV1 (51-kD). C704 and C531 were found to be close to
the protein surface, but relatively far away from catalytic cofactors (~40 A). In addition,
glutathionylation of complex Il was previously reported at C90 (C47 after N-terminal
cleavage), which was present at a basal level, but de-glutathionylated upon ischemic-
reperfusion in the heart.5” C47 is located at a beta-strand relatively buried in the subunit and
may interact with G26 (3.9 A) that makes a binding surface for FAD (Figure S9). The basal
level of C47 glutathionylation is likely to disrupt a FAD binding site. However, our analysis
did not identify C47 glutathionylation at the basal or stressed conditions. Lastly, complex 111
glutathionylation was shown in previous mass analyses,24 but its functional implication is
yet unknown. Our structural analysis suggests that complex Il glutathionylation may
interfere with mega-complex assembly. In addition to these highlighted examples, our
proteomic mass identification would contribute to understanding the functional impact of
glutathionylation at a molecular level with other available structures.

However, it is important to indicate limitations of current studies. We have used a relatively
high amount of glucose oxidase to identify a large number of glutathionylated proteins. Such
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a high level of H,O, may not be achievable in a biological environment, which suggests that
a portion of our identified proteins may be only susceptible to glutathionylation at high
levels of oxidative stress. It is also important to point out that we have not detected some of
the previously reported glutathionylated proteins, including titin and troponin 1,15 17 which
may be due to different experimental conditions or suggest that further optimization of our
approach would be necessary. In a similar context, quantification of the extent of
glutathionylation on individual Cys residues will be necessary to identify functionally-
relevant proteins for glutathionylation in the future.
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Figure 1. A clickable glutathione approach to identify glutathionylated peptides with specific Cys
residues.

(A) A scheme for a clickable glutathione approach. HL-1 cells were transfected with a
mutant of glutathione synthetase (GS M4), which uses azido-Ala to synthesize azido-
glutathione (N3-GSH). After addition of ROS stimulus, glutathionylated proteins were
identified after click reaction. (B) A scheme for isolation and elution of glutathionylated
peptides by using biotin-DADPS-alkyne. After click reaction, biotinylated glutathionylated
proteins were bound to streptavidin-agarose and digested by trypsin. Glutathionylated
peptides were eluted by an acidic cleavage of a DADPS linker and analyzed by LC-MS/MS.

s
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Figure 2. I dentification of glutathionylated proteinsin HL-1 cells.
HL-1 cells expressing GS M4 were incubated with azido-Ala (0.6 mM) for 24 h and treated

with glucose oxidase (GluOx, 6 units) for 10 min. (A) In-gel fluorescence detection of
glutathionylated proteins. Collected lysates were subjected to click reaction with Cy5-alkyne
for fluorescence detection. (B) Enrichment and elution of glutathionylated proteins. After
click reaction of lysates with biotin-DADPS-alkyne, biotinylated glutathionylated proteins
were bound to streptavidin-agarose, washed, eluted in an acidic cleavage condition (10%
formic acid), and analyzed by silver staining. (C) The number of glutathionylated proteins
and peptides under indicated conditions by LC-MS. Biotinylated glutathionylated proteins
bound on streptavidin-agarose were digested by trypsin/Lys-C, eluted in an acidic cleavage
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solution, and analyzed by LC-MS/MS. (D) DAVID gene ontology (GO) analysis of
identified glutathionylated proteins.
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Figure 3. STRING and cluster analysis of glutathionylated proteins with cardiomyopathy-
relevant genes.

(A) The number of two merged networks that consist of ‘glutathionylated proteins’ and
‘cardiomyopathy-relevant genes’ loaded from STRING disease query in Cytoscape program.
(B) Cluster analysis of 125 proteins that belong to both ‘glutathionylated protein’ and
‘cardiomyopathy-relevant gene’. The name of clusters was assigned after classifying
proteins in individual clusters by DAVID GO analysis.
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Figure 4. Analysis of glutathionylated Cysresiduesin CSRP3/MLP.

(A) Domains of CSRP3/MLP with mutations (blue) associated with cardiomyopathy. (B)
Tandem (MS/MS) spectrum of a glutathionylated peptide at C25 in CSRP3/MLP. (C) A
structure of CSRP3/MLP (PDB: 2013) with a position of C25 (pink) in proximity (~6 A) to

S54 and E55 (blue).
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Figure 5. Analysis of glutathionylated Cysresiduesin Complex |.
(A) A structure of bovine complex | (PDB: 5XTD) that contains 14 core subunits (7 cores in

matrix, shown in lime, green, yellow, and 7 cores in membrane, shown in greencyan) and 31
supernumerary subunits (light blue). Glutathionylated Cys residues in core subunits
[NDUFS1 (green) and NDUFS2 (yellow)] and supernumerary subunits are shown in
rectangular boxes (b-e, red) and indicated by arrows (blue), respectively. (B-E) The enlarged
structures of boxed areas (b-€) in (A), showing the position of glutathionylated Cys residues
in core subunits. The residues that have potential interaction with the identified Cys (within
4 A distance) are labeled with a dotted line. All numberings are based on the residue number
in bovine complex I. Note that C463 in mouse NDUFS1 corresponds to S463 in bovine one.
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Figure 6. Analysis of glutathionylated Cysresiduesin Complex |1, I11, and mega-complex.
(A) A structure of bovine complex 111 (PDB: 5XTE), which shows three redox active

subunits (CYC1, CYB, UQCRFS1) and UQCRCL subunit that contains glutathionylated Cys
residues. A ubiquinone (UQ) binding site (Q;) is labeled by ‘UQ’. (B) A structure of porcine
complex Il (PDB: 1Z0QY), which shows an SDHA subunit that contains glutathionylated Cys
residues. The residues that have potential interaction with the identified Cys (within 4 A
distance) are labeled with a dotted line. (C) A structure of a bovine mega-complex (PDB:
5XT]I) that contains complex | (C-1), I11 (C-111), and IV (C-1V). The position of complex Il
(C-1) is shown in circle (black).59 Two subunits [NDUFB9 (purple) and NDUFB4 (hot
pink)] in complex | are at the interface with UQCRCL1 (deep blue) in complex 11 that
contains glutathionylated Cys residues, especially at C268. Complex Il is in proximity to
NDUFAQ (red) in complex I that contains glutathionylation at C86.
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Table 1.
A list of glutathionylated sarcomere-associated proteins
Accession # Name Glutathionylated peptide @32 P ps
SQSPAASDC,gs*SSSSSSASLPSSGR 23
BAG3_MOUSE BCL2-associated athanogene 3 SGTPVHC,95*PSPIR 213 z 5
VSSAPIPC37g*PSPSPAPSAVPSPPK 3/3
CSRP3_MOUSE  cysteine and glycine-rich protein 3 TVYHAEEIQC,5*NGR 213 z 5
DESM_MOUSE desmin HQIQSYTC33,*EIDALKGTNDSLMR 2/3 z 5
LDB3_MOUSE LIM domain binding 3 TSLADVCsg,*FVEEQNNVYCER 3/3 z 5
. MRYEEC49*R 2/3
NEXN_MOUSE  nexilin GETY Cago*LYLPETFPEDGGEYMCK A
AEVC1475*SGYGER 33
RYR2_MOUSE ryanodine receptor 2 FSSPSFVSISNDC1776*YQYSPEFPLDILK 3/3 AlZ 5
Cp05*SSLQQLISETMVR 313
LTIDDVTPADEADY SFVPEGFACg;9*NLSAK 3/3
MYPC3_MOUSE  myosin binding protein C, cardiac LLC7;5*ETEGR 3/3 A 5
KPC1240*PYDGGVYVCR 3/3
LYAQDADGC;;3*PIDIK 33
VC1067*AYGPGLK 3/3
FLNC_MOUSE filamin C, gamma GAGTGGLGLTVEGPC;194*EAK 3/3 z 4.3
VGVTEGC3,9*DPTR 33
TPCye0*EEVYVK 313
OBSCN_MOUSE  obscurin VRVEASGC465*SR 3/3 ZIM 18
. - L FSFQC346*PGR 3/3
ILK_MOUSE integrin-linked protein kinase VALEGLRPTIPPGISPHVC ,,*K 213 Z 12
- . ITYGQC7,*GDVLR 33
MYL4_MOUSE  myosin, light polypeptide 4 MSEAEVEQLLSGQEADANGC s *INYEAFVK 33 A 1
. . AAYLQC39,*LNSADLLK 3/3
MYH8_MOUSE myosin, heavy polypeptide 8 Ceos*NGVLEGIR 33 M 0.9
EAFSC,5*IDQNR 3/3
MLRA_MOUSE myosin, light polypeptide 7, regulatory EAFSC,3IDQNRDGIICs3*K 3/3 A 0.9
SLC6.*Y ITHGDEKEE 3/3
AETAANRIC 55*K 33
C32*QLEINFNTLQTK 33
ACTN1_MOUSE actinin, alpha 1 MVSDINNAWGC370*LEQAEK 3/3 z 0.8
1C450*DQWDNLGALTQK 3/3
IDQLECg50*DHQLIQEALIFDNK 313
MTM1_MOUSE myotubularin C191*YELCETYPALLVVPYR 2/3 | 0.8
CHIP_MOUSE g’rTo'tzilnhfmo'ogy and U-Box containing  AQAC,*IEAK 3zl 07
DSASETYCg5*NK o3
SSACllso*LQSK 3/3
spectrin repeat containing, nuclear LC3117*AEENSR 2/3
SYNEZ_MOUSE  oyeiope 2 INNGLHC350,*VEK a3 £ 07
QLAASVSC597*PEPEGQIAR 2/3
TAACe145*PNSSEVLYTNAK 3/3
. . AEDMAELTC,1;*LNEASVLHNLR 3/3
MYH14_MOUSE myosin, heavy polypeptide 14 C12*NGVLEGIR 33 M 0.5
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Accession # Name Glutathionylated peptide #3)2 P ps
MYL6_MOUSE myosin, light polypeptide 6 C,*DFTEDQTAEFK 3/3 M 0.5

AETAANRIC,g3*K 3/3

ACTN4_MOUSE actinin alpha 4 C35,*QLEINFNTLQTK 3/3 Z N/A
1C500*DQWDNLGSLTHSR 3/3
. ALSDHHVYLEGTLLKPNMVTPGHAC40*TQK 2/3

ALDOA_MOUSE aldolase A, fructose-bisphosphate RALANSLAAC;3*QGK 23 4 N/A
. . in fil | NLSDLIDLVPSLC3*EDLLSSVDQPLK 2/3

CAPZB_MOUSE ~ S2RPing protein (actin filament) muscle e, ., wDSIHVVEVQEK 23z NA
' DETVSDCys*SPHIANIGR 3/3

DYST_MOUSE dystonin ACs14.*MQTFLK 3/3 z N/A
GAGTGGLGLTVEGPCypg*EAK 2/3

FLNB_MOUSE filamin, beta VGEPGILC;;55*VDCSEAGPGTLGLEAVSDSGAK  2/3 z N/A
IAGPGLSSC43,*VR 2/3

PDLI5_MOUSE PDZ and LIM domain 5 QPTVTSVC,13*SESAQELAEGQR 3/3 Z N/A

PYGM_MOUSE muscle glycogen phosphorylase 1C17,*GGWQMEEADDWLR 3/3 4 N/A
. . ALC35*AEADR 2/3

SPTN1_MOUSE spectrin alpha, non-erythrocytic 1 TYLLDGSC y55*MVEESGTLESQLEATK 3/3 Z N/A

SYP2L_MOUSE  synaptopodin 2-like AGGAESGPEEDALSLGAEACg*NFMQPLGGR  2/3 z N/A
VEDMAELTCgs*LNEASVLHNLK 3/3

MYH10_MOUSE  myosin, heavy polypeptide 10 C701*NGVLEGIR 3/3 M N/A
QGLETDNKELAC23*EVK 3/3
VEDMAELTCg;*LNEASVLHNLK 3/3
. . Cp94*NGVLEGIR 3/3

MYH9_MOUSE myosin, heavy polypeptide 9 LEEDQIIMEDQNCogs*K 33 M N/A
KMEDGVGC379*LETAEEAK 213
SPYTVTVGQAC,7s*NPAACR 23
VGTECs74*GNQK 23
VQVQDNEGC;1,*SVEATVK 33

FLNA_MOUSE filamin, alpha YTPCy1*GAGSYTIMVLFADQATPTSPIR 3/3 z N/A
AHVAPC;57*FDASK 3/3
LQVEPAVDTSGVQC260*YGPGIEGQGVFR gg

VANPSGNLTDTYVQDC;3,,*GDGTYK

aThe number of identifications of given peptides out of 3 replicates.

bLocation (L) in the sarcomere: Z, Z-disk; A, A-band; M, M-band; I, I-band.

c.. . .
Disease-score (D-s) from STRING disease query. N/A, not available.
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Complex I, Il, and 111 with identified glutathionylated Cys residues.

Table 2.

Name Subunit Role

Glutathionylated Cys

Note

Complex | NDUFS1 Core

C75, C367, C463 (S463), C554, C727

catalytic core

NDUFS2 Core C347 catalytic core with UQ site
NDUFB9 Supernumerary  C4, C31 Interface with complex 111
NDUFA10  Supernumerary C183 At N-terminus of a-helix
NDUFA5 Supernumerary ~ C17 In an exposed loop
NDUFA9 Supernumerary  C86 Close to NADPH
NDUFS6 Supernumerary ~ C79 (C87) Close to Cys 115
NDUFA7 Supernumerary ~ C55 At N-terminus of a-helix
NDUFAB1  Supernumerary  C140 Exposed

Complex 1l SDHA

C467, CAT75, C654

FAD-binding site

Complex Ill UQCRC1 Core

C268, C410, C453

Close to complex |

Page 25

All numbers of Cys residues are based on mouse complex I. If the number is not conserved between mouse and bovine complex I, it is also shown

with bovine numbers in parenthesis.
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