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Abstract

Glucose metabolism and mitochondrial function are closely interconnected with cellular redox-

homeostasis. Although glucose starvation, which mimics ischemic condition or insufficient 

vascularization, is known to perturb redox-homeostasis, global and individual protein 

glutathionylation in response to glucose metabolism or mitochondrial activity remains largely 

unknown. In this report, we use our clickable glutathione approach, which form clickable 

glutathione (azido-glutathione) by using a mutant of glutathione synthetase (GS M4), for detection 

and identification of protein glutathionylation in response to glucose starvation. We found that 

protein glutathionylation is readily induced in HEK293 cells in response to low glucose 

concentrations when mitochondrial reactive oxygen species (ROS) are elevated in cells, and 

glucose is the major determinant for inducing reversible glutathionylation. Proteomic and 

biochemical analysis identified over 1,300 proteins, including SMYD2, PP2Cα, and catalase. We 

further showed that PP2Cα is glutathionylated at C314 in a C-terminal domain, and PP2Cα C314 

glutathionylation disrupts the interaction with mGluR3, an important glutamate receptor 

associated with synaptic plasticity

 Introduction

Mitochondria are the central organelle for cellular metabolism and their metabolic activity 

directly correlate with cellular fates, such as growth, differentiation, and apoptosis.1-3 

Mitochondrial metabolism depends on various intracellular and extracellular conditions, 

including nutrient availability and oxygen concentrations. One of major nutrients is glucose 

that is degraded via glycolysis to pyruvate, which is further catabolized by Krebs cycle and 

oxidative phosphorylation in mitochondria for production of ATP. This mitochondrial 

metabolism is accompanied by a large consumption of oxygen and the concomitant 

production of reactive oxygen species (ROS), such as superoxide.4 About one or two 

percentage of oxygen consumed in mitochondria can form superoxide,5 which is detoxified 

by a combination of various redox enzymes, including superoxide dismutase, catalase, and 

glutathione peroxidase.4 However, when cells are subjected to glucose starvation that occurs 
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in many cellular conditions, including ischemic cells or insufficient vascularization of tumor, 

mitochondrial ROS (mROS) are shown to increase due to imbalance of mitochondrial 

respiration or redox homeostasis.6

Glucose starvation decreases the production of NADPH due to the decreased flux of glucose 

to pentose phosphate pathway.6 NADPH is an essential source for removing ROS and 

maintaining the redox environment. Consequently, glucose starvation has shown to disturb 

the redox homeostasis by an increase of mROS, a decrease of NADPH, and an increase of a 

ratio of oxidized glutathione over reduced glutathione in cells.6, 7 This redox disturbance by 

glucose starvation induces various cellular processes. For example, glucose starvation 

initiates the conversion of anabolism to catabolic activity,8 induces autophagy for using 

biomass as an energy source,8, 9 stimulates migration and angiogenesis for 

vascularization,10, 11 and results in apoptosis when metabolic stress is severe.12 Importantly, 

many of these cellular pathways are partially regulated by mechanisms involving mROS-

mediated redox regulation.12, 13

Although mROS were once thought as inevitable by-products of respiration, they are now 

increasingly considered the key regulatory signaling molecules that link mitochondrial 

metabolism to diverse cellular signaling pathways.14-16 For example, mROS in a low level 

induced by hypoxia are key signaling molecules that activate hypoxia-inducible factor α 

(HIF-α),17 which regulates metabolic adaptation and angiogenesis.15 A moderate level of 

mROS is implicated in activation of inflammation,18 and a high level of mROS induces 

autophagy and apoptosis by regulating autophagy-related 4A (ATG4)19 and c-Jun-N-

terminal kinase (JNK) signaling pathway, respectively.20 An uncontrolled production of 

mROS is associated with various age-associated diseases.21 One major mechanism of action 

of ROS in biological processes is oxidation of protein cysteine residues into various 

oxoforms, including disulfide, sulfenic, sulfinic, and sulfonic acid.22 Among various 

oxoforms, glutathionylation is the disulfide formation of a protein cysteine residue with 

glutathione.23 Numerous studies have demonstrated that glutathionylation serves as an 

important regulatory switch of protein function in response to ROS in physiological redox 

signaling and pathological diseases.23

Despite the fact that glucose starvation induces redox disturbance or various cellular 

processes mediated by mROS,6, 7 the identity and dynamic reversibility of protein 

glutathionylation in response to glucose metabolism remain unknown. Recently, we reported 

the chemical approach for chemoselective detection of protein glutathionylation by using 

glutathione synthetase mutant (GS M4).24 GS M4 catalyzed azido-Ala in place of Gly, 

which produced clickable glutathione (γGlu-Cys-azido-Ala, azido-glutathione) in situ in 

cells upon transfection of GS M4 and incubation of azido-Ala (Fig. 1).24 In response to 

ROS, azido-glutathione is glutathionylated on proteins, and the subsequent click reaction 

allows for identifying glutathionylated proteins (Fig. 1).24 With this clickable glutathione 

approach, we report here that protein glutathionylation is readily induced in response to no 

or low glucose conditions when mROS are elevated in cells by treatment of electron 

transport chain blockers, and glucose is the major determinant for reversibility of protein 

glutathionylation. Proteomic analysis identified over 1,300 proteins in response to glucose 

starvation, which includes many metabolic enzymes and cytosolic signaling enzymes, such 
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as kinases and phosphatases. We confirmed newly identified proteins for glutathionylation, 

including SET and MYND domain-containing protein 2 (SMYD2), Ser/Thr protein 

phosphatase 2Cα (PP2Cα), and catalase, and further characterized glutathionylation of 

PP2Cα for functional change.

 Materials and methods

 Cell culture and assays

HEK293/GSM4 cell line, which is stably overexpressing glutathione synthetase mutant 4 

(GS M4), was prepared according to a stable cell generation protocol. Briefly, after 

transfection of GS M4, HEK293 cells expressing GS M4 was selected and grown in the 

presence of hygromycin B (100 μg/mL). FLAG-tagged GS M4 expression in HEK293/GS 

M4 cells was confirmed by Western blotting with anti-FLAG antibody. Cells were 

maintained in DMEM (high glucose) with 10% fetal bovine serum (FBS), penicillin (100 

units/mL), streptomycin (100 μg/mL), and hygromycin B (100 μg/mL) at 37°C in 5% CO2 

humidified incubator. PP2Cα wild type and mutant plasmids were transfected using PEI-

max at 80% confluency in DMEM without FBS/antibiotics. Cells with or without 

transfection were incubated with 0.5 mM L-azido-alanine (azido-Ala) for 20 h. Cells were 

then washed with PBS once, and incubated for serum-starvation for 4 h in the presence of 

azido-Ala (0.25 mM). After washing with PBS, cells were incubated with and without 

antimycin A or rotenone in glucose-free (glucose starvation) or glucose-containing DMEM 

for different time points. For deglutathionylation, glucose (5 mM), pyruvate (5 mM), or 

lactate (10 mM) was added for another 2 h. Cells were lysed using a lysis buffer [Tris HCl 

100 mM, NaCl 150 mM, pH 7.4, 0.1% Tween 20, a protease inhibitor cocktail tablet, 100 

μM PMSF and 50 mM N-ethylmaleimide (NEM)]. After incubation for 0.5 h at 4°C and 

centrifugation at 14,000 rpm, the cell lysates were collected and protein concentration was 

measured by Bradford assay.

 Click reaction and biotin pull down

Lysates (100 μg), prepared by addition of NEM during cell lysis, were precipitated by cold 

acetone (1:4 by volume) for 30 min in -20°C. Samples were then centrifuged at 14,000 rpm 

for 3 min, and the pellet was re-dissolved in click buffer (0.1 M Tris-HCl pH 7.4) by 

sonicating for 5 seconds. Click reaction was performed as described in the previous study.24 

Briefly, click reaction was carried out for 1 h at room temperature with biotin-alkyne (0.2 

mM) or rhodamine alkyne (0.2 mM) in the presence of CuBr (1 mM) and Tris[(1-

benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA) (0.4 mM). Click reaction was 

terminated by adding a SDS-loading buffer and proteins were separated by SDS-PAGE. 

Glutathionylated proteins were visualized by in-gel fluorescence or Western blotting using 

streptavidin-HRP. For pull down experiments, after click reaction, all the proteins were 

precipitated by cold acetone, centrifuged, and washed once with cold methanol. The 

precipitate was completely dissolved in PBS containing 1.2% SDS, and further diluted ten 

times with PBS before incubating with streptavidin agarose beads (100 μL) at room 

temperature for 3 h. Beads were washed extensively with PBS and finally with water. 

Proteins on beads were eluted by a SDS-loading buffer, separated by SDS-PAGE, transferred 
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to PVDF membrane, and probed with various primary antibodies. Alternatively, proteins on 

beads were digested by trypsin, and eluted for LC-MS/MS analysis.

 LC/LC-MS/MS analysis

The streptavidin agarose beads after enrichment were pelleted and washed twice by 

Dulbecco’s phosphate-buffered saline (DPBS). After resuspending in 50 μL 6 M urea/PBS, 

the beads were incubated at room temperature for 1 h. 100 μL DPBS was then added to 

dilute urea to a final concentration of 2 M. On-bead trypsin digestion was performed 

overnight at 37 °C with sequencing-grade trypsin (2 μg) and 1 mM CaCl2 (100 mM stock in 

water). The peptide digests were centrifuged and the supernatants were collected. The beads 

were washed twice with water (2 × 75 μL). All supernatants and washes were combined and 

acidified with 15 μL formic acid. The samples were stored at −20 °C until mass 

spectrometry analysis. LC/LC-MS/MS analysis was performed on an Agilent 1200 series 

HPLC coupled to an LTQ-Orbitrap Discovery mass spectrometer (ThermoFisher). Peptide 

digests were pressure loaded onto a 250 μm fused silica desalting column packed with 4 cm 

of Aqua C18 reverse-phase resin (Phenomenex). The peptides were eluted onto a biphasic 

column (100 μm fused silica with a 5 μm tip, packed with 10 cm Aqua C18 reverse-phase 

resin (Phenomenex) and 3 cm Partisphere strong-cation-exchange resin (SCX, Whatman) 

using a gradient of 5-100% Buffer B in Buffer A (Buffer A: 95% water, 5% acetonitrile, 

0.1% formic acid; Buffer B: 20% water, 80% acetonitrile, 0.1% formic acid). The peptides 

were then eluted from the SCX onto the C18 resin and into the mass spectrometer using four 

salt steps as previously described.25 The flow rate through the column was set to ~0.25 

L/min and the spray voltage was set to 2.75 kV. One full MS scan (FTMS) (400-1800 m/z) 

was followed by 18 data dependent scans (ITMS) of the nth most intense ions with dynamic 

exclusion enabled. The generated tandem MS data was searched using the SEQUEST 

algorithm against the human UniProt database. SEQUEST output files were filtered using 

DTASelect 2.0.25 Glutathionylated proteins with two or higher fold enrichment were 

selected and analyzed using DAVID functional annotation tool. The mass spectrometry 

proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE 

[1] partner repository with the dataset identifier PXD004026.

 Coimmunoprecipitation and immunoblotting analyses

HEK293/GSM4 cells were transfected with PP2Cα WT and C314S mutant and incubated 

for glucose starvation with antimycin A. Cells were then lysed using a lysis buffer without 

NEM. Lysates (1 mg/0.5 mL) were incubated with mouse mGluR3 primary antibody (3 μg) 

at 4°C for 1 h, mixed with pre-washed protein G agarose beads (30 μL), and incubated 

overnight at 4°C. Beads were then washed three times with PBST (0.1% Tween 20) for 10 

min each time. Beads were eluted with a SDS-loading buffer in the presence of β-

mercaptoethanol. Eluted proteins were separated by SDS-PAGE, transferred to PVDF 

membrane, and incubated with primary mouse mGluR3 or rabbit PP2Cα antibodies in a 

TBST buffer (Tris HCl 50 mM, NaCl 150 mM, 0.1% Tween 20, 3% BSA) overnight at 4°C. 

HRP-conjugated light chain specific secondary mouse and rabbit antibodies were incubated 

for 1 h at room temperature. After washing 3 times with a TBST buffer, immunoprecipitated 

proteins were visualized by chemiluminescence.
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 Results and discussion

 Clickable glutathione is catalyzed by enzymes implicated in glutathionylation

In order to analyze the reversible change of protein glutathionylation in response to glucose 

metabolism, we begin to determine whether clickable glutathione can detect the reversible 

change of glutathionylation. Glutathionylation can occur by non-enzymatic reactions of 

protein cysteine residues with glutathione in the presence of ROS.26 However, redox 

enzymes may facilitate formation of glutathionylation. Glutathione-S-transferase pi (GSTP) 

was shown to catalyze formation of glutathionylation.27 Deglutathionylation (reduction of 

glutathionylation) can occur by non-enzymatic reactions. However, glutaredoxin 1 (Grx1), 

together with glutathione reductase (GR), catalyzes deglutathionylation with about 1,000-

fold higher rate than glutathione alone.26 Also, glutathione-S-transferase omega (GSTO) 

was recently shown to catalyze deglutathionylation.28 A few other redox enzymes, such as 

thioredoxin and sulfiredoxin, may contribute to deglutathionylation although their specificity 

for deglutathionylation is low.26, 29

Despite the small size of azido-group in glutathione, it may interfere with enzyme-mediated 

(de)glutathionylation.23 In order to determine whether azido-glutathione can be used as a 

substrate of major enzymes involved in glutathionylation, we have prepared substrates of 

Grx1, GSTO1, GR, and GSTP that contain either endogenous glutathione (GSH) or azido-

glutathione (N3GSH) for kinetic comparisons (Table 1 and Scheme S1). The model peptides 

(SQLWCLSN)28 glutathionylated by GSH or N3GSH were prepared and assayed for 

deglutathionylation by Grx1 and GSTO. Disulfides of GSH (GSSG and N3GSSG) were used 

for substrate of GR. In the kinetic data in Table 1 and Figure S1, it is notable that Grx1, 

GSTO1, and GR catalyzed both GSH- and N3GSH-containing substrates with the similar 

values of Km and kcat. This shows that the small size of azide-group could be tolerated not 

only by Grx1 and GSTO1 that have broad substrate specificity,28, 29 but also by GR that is 

relatively specific to GSSG. The exception was GSTP, which showed an 8-fold lower 

catalytic efficiency with N3GSH versus GSH. This suggests that GSTP may not catalyze 

azido-glutathione efficiently. However, note that there is no direct assay for GSTP-mediated 

glutathionylation, and GSTP assay (1-chloro-2,4-dinitrobenzene alkylation) in this study 

may not represent the reaction of glutathionylation. Overall, these kinetic data support our 

previous analysis in which azido-glutathione detected the reversible change of 

glutathionylation in response to hydrogen peroxide in HEK293 cells.24

 Glucose starvation in combination with mROS production readily induces 
glutathionylation

Next, we evaluated whether glutathionylation can be induced in response to glucose 

starvation. HEK293/GS M4 cell line (HEK293 cells with stable transfection of GS M4) was 

prepared, and an incubation of azido-Ala to HEK293/GS M4 cell line for 20 h resulted in an 

approximately 1:1 ratio of endogenous glutathione and clickable glutathione (Fig. S2). After 

incubation of azido-Ala for 20 h and serum starvation for 3 h, cells were incubated in 

glucose-free medium for 2 h. After click reaction with rhodamine-alkyne, in-gel 

fluorescence analysis did not detect the significant glutathionylation at this stage (Fig. 2A, 

lane 1 vs. 2, and S3A). In addition, depletion of glutamine, which can be an alternative 
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nutrient for NADPH production,33 did not induce significant glutathionylation (Fig. S3B). 

Then, we treated cells with the mitochondrial electron transport chain blockers (antimycin A 

or rotenone) that increase mROS production.34 Both antimycin A and rotenone stimulate 

mitochondrial dysfunction and increase mROS by inhibiting complex III and complex I, 

respectively.34 Interestingly, glucose starvation with an increasing dose of antimycin A 

induced a high level of global glutathionylation (Fig. 2B). The glutathionylation signals 

were insignificant at 0.5 h, but become stronger at 1-2 h (Fig. 2A, lane 4-6). Similarly, 

glucose starvation with rotenone rapidly induced a high level of glutathionylation (Fig. 

S3D). In contrast, antimycin A alone in high glucose concentration (25 mM) did not induce 

significant glutathionylation within 2 h (Fig. 2A, lane 2 vs. 3, and S3C). In the same context, 

the level of ROS was slightly increased by glucose starvation or antimycin A alone, but more 

significantly increased by glucose starvation with incubation of antimycin A (Fig. S4A). In 

this condition, the level of reduced glutathione was decreased significantly while the level of 

Grx1 increased (Fig. S4C and S4D). Similarly, the viability was minimally decreased by 

either glucose starvation or antimycin A alone, but significantly reduced in their 

combination after 24 h (Fig. S4B), which is in agreement with previous report.6 Overall, 

these data suggest that glucose depletion can cause significant glutathionylation in mROS-

elevated cells.

Importantly, the intensity of glutathionylation was inversely dependent on availability of 

glucose in mROS-elevated (antimycin A-treated) cells (Fig. 2C). Glutathionylation was 

weak in a high glucose concentration (25 mM), but clearly increased in a range of 

physiological and hypoglycemic conditions (glucose < 5 mM) (Fig. 2C and 2A). Similarly, 

an incubation of antimycin A alone induced an increased level of glutathionylation in 

physiological glucose concentration (~5 mM) in a time-dependent manner (Fig. 2D). Also, 

glutathionylation induced by antimycin A was further increased by addition of 2-

deoxyglucose (2-DG), which blocks glycolysis, in a physiological glucose concentration (~5 

mM) (Fig. S5). Overall, these data show that electron transport chain blockers that increase 

mROS can induce many protein glutathionylation in physiological glucose concentration, 

but the level of glutathionylation can be decreased or increased in high or low glucose 

concentration, respectively.

 Glucose availability controls the reversibility of protein glutathionylation

Because global glutathionylation is likely to be induced by disruption of redox balance in 

response to low or no glucose, we then analyzed whether re-addition of glucose will restore 

glutathionylation back to a low level. After inducing a high level of glutathionylation by 

glucose starvation with antimycin A for 2 h, the direct addition of glucose induced the rapid 

deglutathionylation over 2 h (Fig. 3A, lane 2 and 6-8), indicating dynamic reversibility of 

glutathionylation by metabolic change. Interestingly, the similar deglutathionylation was 

observed by addition of pyruvate (Fig. 3A, lane 2-5), which is a glycolytic product of 

glucose. Pyruvate may be used as a metabolic intermediate or a direct scavenger of ROS.35 

However, addition of lactate,36 a reduced metabolite of pyruvate, did not induce 

deglutathionylation significantly (Fig. 3B). Overall, these data further support that glucose 

metabolism or its availability is a major determinant for inducing reversible protein 

glutathionylation in response to mROS production.
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 Identification of glutathionylated proteins in response to glucose starvation with mROS 
production

The strong signals induced by glucose starvation with treatment of antimycin A indicate 

numerous potential proteins that can be glutathionylated in response to mROS production in 

low glucose concentration. We then analyzed the identity of glutathionylated proteins. After 

click reaction with biotin-alkyne, glutathionylated proteins were bound to streptavidin-

beads, extensively washed in order to minimize the non-specific binders, eluted, run on a 

gel, and detected by silver staining (Fig. 4A). The strong signals, indicative of 

glutathionylation, were observed in glucose starvation with antimycin A treatment (Fig. 4B, 

lane 4). In control, the relatively weak intensity of bands was observed with glucose, glucose 

starvation, or antimycin A alone (Fig. 4B, lane 1-3). Proteins in lane 1 (negative) and 4 

(positive) in Figure 4B were digested by trypsin on beads, and analyzed by LC-MS/MS (Fig. 

4A). Mass analysis identified 278 and 1493 potential candidate proteins of glutathionylation 

in lane 1 (negative) and 4 (positive), respectively (Fig. 4C and Supplementary Data). 

Importantly, 1383 out of 1493 identified proteins (92.6%) have two or higher fold increases 

of the spectral counts (defined as the total number of fragmentation spectra identified for a 

protein)37 in the positive versus negative control (average spectral count of at least 3 

replicates) while 1291 out of 1493 identified proteins (86.4%) have over 10-fold higher 

spectral counts in the positive versus negative control (Fig. S6 and Supplementary Data).

1383 proteins that showed two or higher-fold increases of spectral counts in the positive 

versus negative control were categorized by DAVID software38 for cellular localization, 

molecular function, and cellular processes (Fig. 4D). Glutathionylated proteins are found in 

all major cellular compartments, most significantly in cytosol, and they are implicated in 

various cellular processes, including RNA processing, cell cycle, proteolysis, translation, 

stress response, glucose metabolism, and apoptosis (in the order of a decreasing –log10P 

value) (Fig. 4D). We also compared our identified proteins with previous proteomic analysis 

of 913 glutathionylated proteins in HEK293 cells induced by hydrogen peroxide (1 mM),39 

which showed about 31 percentage of target proteins (434 out of 1383 proteins) overlapped 

in two experiments (Fig. 4E). Recently, Yang et al. reported over 600 sulfenylated proteins 

in RKO cells in response to hydrogen peroxide (0.5 mM).40 Because sulfenylation is one 

potential intermediate prior to forming glutathionylation,26 we also compared our identified 

proteins with sulfenylation proteomic analysis, which showed that about 21 percentage of 

glutathionylated proteins (285 out of 1383 proteins) in our analysis were found in 

sulfenylation mass analysis (Fig. 4F). This shows the significant overlapping and non-

overlapping target proteins involved in sulfenylation and glutathionylation. The non-

overlapping target proteins may result from different routes of forming glutathionylation 

versus sulfenylation, or the different target proteins of cysteine oxidation depending on cell 

type or stimulus, i.e. hydrogen peroxide vs. glucose starvation with treatment of antimycin 

A. About 120 selected proteins that have high spectral counts and high enrichment in the 

positive over negative sample were listed with DAVID gene ontology (GO) analysis, and in 

comparison with the previous proteomic results of glutathionylation39 and sulfenylation40 

(Table S1).
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 Confirming identity and reversibility of individual proteins for glutathionylation

We further confirmed the identity of several glutathionylated proteins by pull-down and 

Western blotting. Glutathionylation was induced by an increasing incubation time (0-2 h) of 

glucose starvation with treatment of antimycin A. After enrichment of all glutathionylated 

proteins by streptavidin-agarose, the eluted sample was probed with various antibodies. A 

time-dependent increase of glutathionylation was observed with individual proteins (Fig. 

5A). Glutathionylation of heat shock protein 90 (Hsp90), actin, catalase, and SMYD2 was 

clearly observed within 1 h. On the other hand, glutathionylation became obvious within 2 h 

for protein tyrosine phosphatase 1B (PTP1B), Src-homology phosphatase 2 (SHP2), AMP-

activated kinase (AMPK), and protein phosphatase 2Cα (PP2Cα) (Fig. 5A). This time-

dependent glutathionylation may result from the different protein abundance or redox-

sensitivity of individual proteins. Notably, to our knowledge, this is the first report of 

detecting glutathionylation of SMYD2, PP2Cα, and catalase in gel analysis. We further 

analyzed the reversibility of several selected proteins for deglutathionylation upon addition 

of pyruvate. Deglutathionylation of PTP1B, AMPK, PP2Cα, and catalase were readily 

observed within 1 h, but actin glutathionylation was less significantly reduced at the 

identical condition (Fig. 5B). Overall, this data not only identified glutathionylated proteins, 

but also analyzed the time-dependent reversibility of glutathionylation for individual 

proteins in response to glucose metabolism.

 PP2Cα glutathionylation and functional change

PP2Cα is a prototype of the conserved metal-dependent serine or threonine phosphatases 

(PPM), which catalyzes dephosphorylation by magnesium or manganese-coordinated 

water.41 In contrast to other serine or threonine phosphatase (PP1, PP2A, and PP2B), a class 

of PP2C act as an monomer, and the activity may be regulated by cell-type specific 

expression, post-translation modification, and protein degradation.42 PP2Cα plays a role in 

inhibition of cellular proliferation, metastasis and migration, and stress signaling by 

dephosphorylating various substrates, including p38, MAPK, AMPK, Smad2/3, and Nf-

kB.42 PP2Cα also directly bind and dephosphorylate metabotropic glutamate receptor 3 

(mGluR3),43 which is involved in protection of neural cells against glutamate 

excitotoxicity44 and important for synaptic plasticity and cognitive functions in prefrontal 

cortex.45 Due to the importance of mROS for etiology of various age-associated diseases,46 

we further evaluated the cysteine modification site and functional effects of PP2Cα 

glutathionylation.

There are 11 cysteine residues in PP2Cα, and the examination of the available crystal 

structure (PDB:4RA2) predicted the potential cysteine modification sites, including C204 

and C314 that have the solvent accessibility, and C238 that is in the proximity to the active 

site (Fig. 6A). Therefore, we made individual cysteine-to-serine mutants of PP2Cα, and 

transfected PP2Cα wild-type (WT) and mutants to HEK293/GS M4 stable cells. Glucose 

starvation and antimycin A significantly induced glutathionylation of PP2Cα WT (Fig. 6B, 

lane 1 vs. 2) while inducing global glutathionylation (Fig. S7). The similar level of 

glutathionylation was observed with PP2Cα C204S or C238S (Fig. 6B, lane 2-4). In 

contrast, PP2Cα C314S mutant significantly reduced the signal of glutathionylation (Fig. 

6B, lane 2 vs. 5), indicating that C314 is the major modification site.
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C314 is exposed to solvent and in a 3.5 Å distance with K310 side chain (Fig. 6A), which 

may increase its reactivity. C314 is located in a small C-terminal domain, apart from the 

catalytic site (Fig. 6A). This C-terminal domain may not contribute to the catalytic activity, 

but it may regulate the substrate specificity.47 PP2Cα is reported to be an upstream 

phosphatase for AMPK,48 which is a stress-sensing kinase for metabolic adaptation. 

Therefore, we examined phosphorylation of AMPK after overexpression of PP2Cα WT and 

mutants. Phosphorylation of AMPK was strongly induced in glucose starvation and 

antimycin A (Fig. S8A). However, AMPK phosphorylation levels were not significantly 

changed among cells transfected by PP2Cα WT and mutants (Fig. S8A), indicating that 

PP2Cα glutathionylation may not affect its enzymatic activity. However, it is previously 

reported that PPM1E rather than PP2Cα (PPM1A) is the major phosphatase for AMPK in 

HEK293 cells.49 Therefore, we evaluated the enzymatic activity of purified PP2Cα in vitro 

upon addition of oxidized glutathione (GSSG), which did not change PP2Cα 

dephosphorylation activity significantly (Fig. S8B). Next, we evaluate whether PP2Cα 

glutathionylation can disrupt its protein interaction with mGluR3. Co-immunoprecipitation 

with and without transfection of PP2Cα showed that glucose starvation with treatment of 

antimycin A, which induce glutathionylation of PP2Cα, disrupted the interaction of PP2Cα 

WT and mGluR3 (Fig. 6C, lane 1 vs. 2 and 3 vs. 4). In contrast, the interaction of PP2Cα 

C314S with mGluR3 remained relatively similar with and without glucose starvation/

antimycin A (Fig. 6C, lane 5 vs. 6). These data suggest that PP2Cα C314 glutathionylation 

disrupts its interaction with mGluR3.

 Conclusion

Glutathione is a major thiol in cells for redox homeostasis. Therefore, global protein 

glutathionylation can represent the cellular redox disturbance. Despite the importance of 

glucose metabolism and mitochondrial activity for regulating cellular redox state, global and 

individual protein glutathionylation in response to glucose metabolism or mROS remained 

unknown. In this report, we used our clickable glutathione approach, which routes the 

glutathione biosynthesis to formation of clickable glutathione by using glutathione 

synthetase mutant,24 for determining identity and reversibility of glutathionylated proteins in 

response to glucose metabolism with mROS production. Our approach provides the small 

chemical tag in glutathione that can be utilized for subsequent biochemical analysis, 

including proteomic analysis and in-gel analysis.24 We showed in this report that this small 

azide tag introduced in glutathione can be tolerated by several redox enzymes implicated in 

glutathionylation (Table 1), supporting its use in analyzing the reversible glutathionylation.

Our analyses shows that glutathionylation is readily induced in response to antimycin A in 

physiological glucose concentration (~5 mM), and further increased in no or low glucose 

conditions, but decreased in high glucose conditions (Fig. 2). In glucose starvation with 

antimycin A that induces glutathionylation, the cellular redox state was disturbed with an 

increased level of ROS, a decreased level of reduced glutathione, and an increased level of 

Grx1. Antimycin A blocks the ubiquinone binding site (Qi) in complex III, which is the 

major site for superoxide production,34 and its treatment triggers mitochondrial dysfunction. 

Therefore, Antimycin A and rotenone have been extensively used as pharmacological tools 

for producing mitochondrial ROS in numerous cell types, including cancer,50 muscle,51 and 
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neuronal cells.52 They are also used for mimicking mitochondrial dysfunction in various 

pathophysiologic models, including aging,53, 54 Parkinson disease,52, 55 cancer,50 respiratory 

disease,56 and cardiac damage.57 Aging and pathological diseases, including cancer, are 

frequently accompanied with mitochondrial DNA mutations, which often increase mROS 

production.58 In this regard, our data suggest that many glutathionylated proteins may be 

induced in mROS-elevated pathologic conditions (mitochondrial dysfunction) while the 

level of glutathionylation can be either decreased in cells that avidly take up a high glucose 

(e.g. cancer cells) or increased in glucose-limited cells (e.g. ischemia). In such conditions, 

individual protein glutathionylation is likely to affect its functions, thereby contributing to 

the mechanistic link between mROS and pathophysiological cellular phenotypes.

Numerous data have shown that high glucose metabolism in cancer cells is tuned for their 

survival with an increased production of NADPH59, 60 while glucose starvation depletes the 

production of NADPH, resulting in low viability of cancer cells.6, 61 Although we have not 

determined the level of NADPH in our study, it is likely that glucose availability changes the 

level of glutathionylation in our data, possibly via altering NADPH production. In contrast, 

it is worth noting that hyperglycemia is known to increase mROS production by increasing 

metabolic input (e.g. pyruvate or NADH) to mitochondria and overwhelming the electron 

transport chain activity.62, 63 Thus, a persisted hyperglycemic diabetic condition disturbs the 

redox state of cells, inducing protein glutathionylation.64 Overall, this suggests that many 

factors, including glucose concentrations and duration of exposure to high glucose, can 

influence the level of mROS and glutathionylation.

Our proteomic analysis identified over 1,300 glutathionylated proteins involved in various 

cellular processes (Fig. 4). Many of identified proteins are overlapped with previously 

reported glutathionylated proteins and sulfenylated proteins induced by addition of 

exogenous hydrogen peroxide (Fig. 4E and 4F), suggesting the fundamental redox-

sensitivity of overlapped proteins even in different stimulus. While further validation of 

individual proteins may be necessary, our data provide the identity of potential 

glutathionylated proteins in response to mROS production in a low glucose condition. While 

confirming selected proteins for glutathionylation in gel analysis (Fig. 5), we further 

determined the cysteine modification site and functional change of PP2Cα glutathionylation 

(Fig. 6), and showed that PP2Cα C314 glutathionylation disrupts the interaction with 

mGluR3. mGluR3 is expressed in pre- and post-synaptic cells and astrocyte where it 

attenuates the glutamate, a neurotransmitter, signaling.44 A high level of glutamate exerts 

excitotoxicity and induces neuronal cell death in which mGluR3 plays a role for protection 

of synaptic cells and astrocyte.44 In addition, mGluR3 activation is important for synaptic 

plasticity, in particular for long-term depression, and it improves cognitive functions, 

including extinction learning.45 Therefore, malfunction or single-nucleotide polymorphism 

(SNP) of mGluR3 is closely associated with psychiatric disorders, such as schizophrenia.65 

Although the functional importance of mGluR3 phosphorylation and interaction with 

PP2Cα is, to our knowledge, not yet clearly understood, it is notable that other mGluR 

(mGluR1 and 2) phosphorylation is involved in desensitization of mGluR.66 Therefore, 

mGluR3 and PP2Cα interaction may be important for dephosphorylation and sensitization 

of mGluR3, and disruption of mGluR3 and PP2Cα interaction upon glutathionylation may 

contribute to decreasing mGluR3 signaling.
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Fig. 1. A flow of clickable glutathione approach for detecting glutathionylation
Incubation of azido-Ala forms azido-glutathione (γGlu-Cys-azido-Ala) in situ in HEK293 

cells stably expressing GS M4, which catalyzes azido-Ala in place of Gly. In response to 

stimulus, the subsequent click reaction allows for identifying glutathionylated proteins.
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Fig. 2. Protein glutathionylation is highly dependent on glucose metabolism in the presence of the 
electron transport chain blocker
After incubation of azido-Ala to HEK293/GS M4 cells for 20 h, cells were subjected to the 

following stimulus: (A) glucose starvation with antimycin A in a time-dependent manner, 

(B) glucose starvation with an increasing concentration of antimycin A, (C) decreasing 

glucose concentrations with antimycin A, and (D) increasing incubation time of antimycin A 

in a physiological glucose concentration (5 mM). After stimulus, cell lysates were subjected 

to click reaction with rhodamine-alkyne, and analyzed for fluorescence and Coomassie stain.
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Fig. 3. Glutathionylation is reversed by re-addition of glucose
After incubation of azido-Ala to HEK293/GS M4 cells for 20 h, glutathionylation was 

induced by glucose starvation with treatment of antimycin A for 2 h. Subsequently, (A) 

glucose (GL, 5 mM), pyruvate (Py, 5 mM) or (B) lactate (La, 10 mM) was individually 

added to the cells for the indicated time period. Cell lysates were subjected to click reaction 

with rhodamine-alkyne, and analyzed for fluorescence and Coomassie stain.
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Fig. 4. Proteomic analysis of glutathionylated proteins
(A) Approach for pull-down and mass analysis: after click reaction with biotin-alkyne, 

glutathionylated proteins enriched by streptavidin-agarose were eluted for silver staining or 

directly digested on-beads for LC-MS/MS analysis. (B) Analysis of enriched proteins in 

indicated conditions. (C) The number of glutathionylated proteins in indicated conditions by 

LC-MS/MS. ‘Positive’ and ‘negative’ indicate proteins enriched in lane 4 and 1, 

respectively, in Figure 4B. (D) DAVID gene ontology (GO) analysis of identified 

glutathionylated proteome. (E-F) Comparison of glutathionylated proteins in glucose 

starvation/antimycin A with previous proteomic data of glutathionylome (E) or sulfenylome 

(F) by treatment of exogenous H2O2.
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Fig. 5. Identification of glutathionylated proteins by pull-down and Western blotting
(A) After incubation of azido-Ala to HEK293/GS M4 cells for 20 h, cells were subjected to 

glucose starvation with antimycin A in a time-dependent manner. (B) After glucose 

starvation with treatment of antimycin A for 2 h, pyruvate was added to cells. After click 

reaction with biotin-alkyne, the individual proteins were probed by specific antibodies 

before and after pull-down by streptavidin-agarose.
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Fig. 6. The cysteine modification site and functional role of PP2Cα glutathionylation
(A) The structure (PDB:4RA2) and domains of PP2Cα that shows three cysteine residues, 

C204 and C314 that are exposed to solvent, and C238 that is close to the active site. Two 

manganese atoms (purple) and a phosphate (red) in active site are shown in space-filling 

model. (B) PP2Cα C314 is the major cysteine residue for glutathionylation. After inducing 

glutathionylation in HEK293/GS M4 cells transfected with HA-PP2Cα WT and mutants, 

cell lysates were subjected to click reaction with biotin-alkyne. HA-PP2Cα was probed 

before (bottom) and after (top) pull-down by streptavidin-agarose. (C) PP2Cα 

glutathionylation disrupts its interaction with mGluR3. With and without inducing 

glutathionylation, PP2Cα and mGluR3 were co-immunoprecipitated and probed by 

individual antibodies.
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Table 1

Kinetic comparison of substrates containing glutathione (GSH) or azido-glutathione (N3GSH) for redox 

enzymes involved in glutathionylation. GS-Pep and N3GS-Pep: Cys in Pep (SQLWCLSN) forms disulfide with 

GSH and N3GSH, respectively. GSSG and N3GSSG: disulfide of GSH with GSH and N3GSH, respectively. 

Kinetic values in this table are comparable with previously reported values for Grx1,30 GSTO,28 GSTP,31 and 

GR.32
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