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Protein cysteinyl residues are the mediators of hydrogen
peroxide (H,0,)-dependent redox signaling. However,
site-specific mapping of the selectivity and dynamics of
these redox reactions in cells poses a major analytical
challenge. Here we describe a chemoproteomic platform
to systematically and quantitatively analyze the reactivity
of thousands of cysteines toward H,O,, in human cells. We
identified >900 H,O,-sensitive cysteines, which are de-
fined as the H,0,-dependent redoxome. Although redox
sites associated with antioxidative and metabolic func-
tions are consistent, most of the H,0,-dependent redox-
ome varies dramatically between different cells. Structural
analyses reveal that H,0,-sensitive cysteines are less con-
served than their redox-insensitive counterparts and dis-
play distinct sequence motifs, structural features, and
potential for crosstalk with lysine modifications. Notably,
our chemoproteomic platform also provides an opportunity
to predict oxidation-triggered protein conformational
changes. The data are freely accessible as a resource at
http://redox.ncpsb.org/OXID/. Molecular & Cellular Pro-
teomics 16: 10.1074/mcp.RA117.000108, 1815-1828, 2017.
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Hydrogen peroxide (H,0,)' generated in a wide range of
physiological and pathological processes can promote cell
damage, but also can activate cell regulatory and signaling
pathways as a signaling molecule (1, 2). Site-specific modifi-
cation of cysteinyl thiols on H,O,-sensitive proteins repre-
sents a unique molecular mechanism for transducing oxidant
signals into biological responses (3, 4). In species from yeast
to human, the evolutionarily conserved catalytic cysteines of
peroxiredoxins have the attributes to act as the most reactive
sensors of H,O, (5). The mechanism of H,O,-sensing and
transduction by peroxiredoxins is becoming well understood
(6). Approximately 20 other proteins, including protein tyro-
sine phosphatases, metabolic enzymes, and stress sensors,
have been characterized in the last two decades as targets of
H,O, with functionally important roles (7-9). However, recent
advances suggest that hundreds of cysteines are oxidation-
sensitive (10-12). This suggests that the scope of the redox-
sensitive proteome is considerably broader than previously
imagined and raises important new questions. Is H,O, redox
reactivity an intrinsic feature of certain cysteines in specific
sequences and conserved across different cellular pro-
teomes? Does the cell-specific redox environment affect the
reactivity of cysteines toward H,0,? Are the relative reactivity
and functional contributions of oxidation-sensitive cysteines
in H,O, sensing conserved in different cellular contexts? A
fundamental barrier to answering these questions is the lack

' The abbreviations used are: H,0,, hydrogen peroxide; ACN, ace-
tonitrile; Az-UV-biotin, azido biotin with a photocleavable linker; BCA,
bicinchoninic acid; CuAAC, copper catalyzed azide-alkyne cycload-
dition; DMEM, Dulbecco’s modified eagle’s medium; DTT, dithiothre-
itol; FDR, false discovery rate; HCD, high energy collisional dissoci-
ation; GDH, glucose dehydrogenase; GSNO, S-nitrosoglutathione;
GSH, reduced glutathione; GSSG, oxidized glutathione; GO, gene on-
tology; LC-MS/MS, liquid chromatography-tandem mass spectrometry;
LDS, lithium dodecy! sulfate; IAM, iodoacetamide; IPM, lodo-N-(prop-
2-yn-1-yl) acetamide; isoTOP-ABPP, isotopic tandem orthogonal pro-
teolysis-activity based protein profiling; NEM, N-ethylmaleimide; PBS,
phosphate buffered saline; PTMs, posttranslational modifications;
PVDF, polyvinylidene difluoride; RT, room temperature; SCX, strong
cation exchange; TBST, tris-buffered saline plus 0.05% Tween-20 (v/v);
TBTA, tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyllamine.
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of methodology to globally quantify site-specific H,O,-de-
pendent cysteine oxidations across native proteomes.

Here we describe a chemoproteomic strategy, called quan-
titative thiol reactivity profiling (QTRP), which we applied to
systematically and quantitatively determine the reactivities of
6566 cysteines on 3557 proteins toward different levels of
H,O, stimulation in multiple human cell lines. This large-scale
redox proteomic survey provides a rank order of redox reac-
tivity of these cysteines in cells and reveals—surprisingly—
that most cysteines sense H,O, in a cell-specific manner,
thereby presenting a new conceptual framework onto
which to build models of cellular redox control. Systems level
analyses of this data set uncover the functional contributions
of cell-specific redoxomes in H,O, sensing and the down-
stream cellular responses. Structural analyses reveal that
H,O,-sensitive cysteines are mostly unconserved, but display
distinct sequence motifs, structural features, and potential
crosstalk with sequence-adjacent lysine modifications. In ad-
dition, the data demonstrate potential utility of a redox che-
moproteomic strategy in predicting oxidation-triggered pro-
tein conformational changes.

EXPERIMENTAL PROCEDURES

Reagents—IPM, light and heavy ('°C,4) Az-UV-biotin reagents were
synthesized as previously described (13, 14). HPLC-grade water,
acetonitrile, and methanol were purchased from J.T.Baker (Center
Valley, PA). Antibody against V5 (R960-25, diluted at 1:1000) was
purchased from Invitrogen (Carlsbad, CA). Antibodies against phos-
pho-p38 MAPK (9211, diluted at 1:1000), p38 MAPK (9212, diluted at
1:1000) were purchased from Cell Signaling Technology (Danvers,
MA). Antibodies against p-actin (ab6276, diluted at 1:5000), PRDX-
SO,,5H (ab16830, diluted at 1:2000), PRDX2 (ab15572, diluted at
1:2000) were purchased from Abcam (Cambridge, MA).

Cell Culture and Transfection—Human A431, HEK293, HepG2, and
U20S cells (ATCC) were maintained at 37 °C in a 5% CO,, humidified
atmosphere and were cultured in DMEM medium (Life Technologies,
Waltham, MA, 12430) containing 10% FBS (Atlas Biologicals, Fort
Collins, CO). For each QTRP experiment, cells on a 15-cm plate were
grown to 80% confluency. After serum-deprivation, the medium was
removed and replaced with 15 ml fresh serum-free medium (Pre-
warmed to 37 °C) containing different concentration of H,0, (0.02,
0.05, 0.2, 0.5, 2.0, 5.0 mm). The control plates of cells were treated
with 15 ml serum-free medium in parallel. After 10 min incubation in
the same condition for cell culture, cells were rinsed quickly with cold
PBS three times, and scratched from plates. Cell pellets were then
collected by centrifugation at 1500 X g for 3 min at 4 °C.

Cells expressing V5-tagged APIP, or C147A mutant thereof, were
derived by transfection of the corresponding plasmids. The original
APIP plasmid was purchased from DNASU.org and ligated into the
pLX304 vector (Addgene, Cambridge, MA, 25890). pLX304-apip was
used as the plasmid DNA template for oligonucleotide-directed
mutagenesis. APIP-C147A mutant plasmid was generated by
QuikChange site-directed mutagenesis using the following primer:

C147A_F1: cacatcaagagatgataaaaggaataaagaaagctacttcc-
ggagggtattat—

C147A_R1: ataataccctccggaagtagctttctttattccttttatc atctcttgatgtg—
Transfections were performed using Lipofectamine™ 2000 according
to the manufacturer’s instructions (11668-019, Invitrogen). In
brief, HEK293 cells were preseeded in a 10-cm culture plate
and reached to 80% confluency prior to transfection. 15 ul

Lipofectamine™ 2000 and 10 pug pLX304-apip or pLX304-C147A
plasmid were premixed and incubated at RT for 5 min. The plasmid-
Lipofectamine complex was added to cells in each plate dropwise.
After 4 h incubation, the transfection medium was removed and cells
were cultured in regular DMEM medium with 10% FBS for another
48 h.

Probe Labeling and Proteomic Sample Preparation—Cell pellets
were lysed on ice for 20 min in four volumes of NETN buffer (50 mm
HEPES pH 7.5, 150 mm NaCl, and 1% Igepal) supplemented with 10
wl/ml of HALT™ protease and phosphatase inhibitors (Life Technol-
ogies, 78444) containing 200 unit/ml catalase (Sigma-Aldrich, St.
Louis, MO, C9322) and 100 um IPM probe. The labeling reactions
were incubated at RT for 1 h with light protection. The lysate was then
incubated with DTT (Final concentration = 10 mwm) at 75 °C for 15 min
to reduce the reversibly oxidized cysteines. Reduced cysteines then
were alkylated with 40 mm IAM for 30 min in the dark. The reactions
were quenched by protein precipitation, which was performed with a
methanol-chloroform system (aqueous phase/methanol/chloroform,
4:4:1, v/v/v) as described previously (15). In brief, proteins were
collected at the aqueous/organic phase interface as a solid disk after
centrifugation at 1400 X g for 20 min at 4 °C. Liquid layers were
discarded and the protein was washed twice in methanol/chloroform
(1:1, v/v), followed by centrifugation at 16,000 X g for 10 min at 4 °C
to repellet the protein. The protein pellets were resuspended with 50
mwm ammonium bicarbonate containing 0.2 M urea. Protein concen-
trations in the resuspended solution were measured with BCA assay
(Life Technologies, 23225) and adjusted to 2 mg/ml. For a typical
QTRP experiment, each of the control and H,O,-treated proteome
samples (2 mg protein/ml in 1-ml volume) were first digested with
sequencing grade trypsin (Promega, Madison, WI, V5113) at a 1:50
(enzyme/substrate) ratio overnight at 37 °C. A secondary digestion
was performed by adding additional trypsin to a 1:100 (enzyme/
substrate) ratio, followed by incubation at 37 °C for additional 4 h. The
tryptic digests were desalted with HLB extraction cartridges (Waters,
Milford, MA, WAT094225) as previously described (15). The desalted
tryptic digests were reconstituted in a solution containing 30% ACN.
CuAAC reaction was performed by the addition of 0.8 mm either light
Az-UV-biotin or heavy Az-UV-biotin, 8 mm sodium ascorbate (Sigma-
Aldrich, A7631), 1 mm TBTA (Sigma-Aldrich, 678937), and 8 mm
CuSO, (Thermo Fisher Scientific, Waltham, MA C493-500). Samples
were allowed to react at room temperature for 2 h in the dark with
rotation. The light- and heavy Az-UV-biotin labeled samples then
were mixed equally together. The excess biotin reagents were re-
moved by SCX, as previously described (15). In brief, the sample was
diluted into SCX loading buffer (5 mm KH,PO,, 25% acetonitrile, pH
3.0), passed through the SCX spin columns (The Nest Group, South-
borough, MA, SMM HIL-SCX), and washed with several column vol-
umes of loading buffer. The retained peptides were eluted with SCX
loading buffer containing 400 mm NaCl. Eluent was diluted 10X with
50 mm sodium acetate buffer (NaAc, pH 4.5) and then allowed to
interact with pre-washed streptavidin Sepharose (GE, Pittsburgh, PA,
17-5113-01) for 2 h at room temperature. Streptavidin Sepharose
then was washed with 50 mm NaAc, 50 mm NaAc containing 2 m NaCl,
and water twice each with votexing and/or rotation to remove non-
specific binding peptides, and resuspended in 25 mm ammonium
bicarbonate. The suspension of streptavidin Sepharose was trans-
ferred to several thin-walled borosilicate glass tubes (VWR Interna-
tional, Radnor, PA, 66011-020), irradiated with 365 nm UV light for 2 h
at room temperature with stirring. The supernatant was collected,
concentrated under vacuum, and desalted with HLB extraction car-
tridges (Waters, 186000383) as previously described (15). The desalt-
ing peptides were evaporated to dryness and stored at —20 °C until
analysis.
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Preparation of Histones from Cells—Histones were acid-extracted
from both HepG2 and U20S cells treated with or without H,O, (1 mwm,
30 min) using the EpiQuik TM Total Histone Extraction Kit (OP-0006,
Epigentek Group Inc, Farmingdale, NY) according to the manufactu-
rer’s instructions. Briefly, histones were extracted with lysis buffer
containing 0.2 m H,SO, and precipitated with 33% trichloroacetic
acid (TCA) overnight. Samples were dried by vacuum centrifugation
and were then resuspended in 50 ul ammonium bicarbonate (100 mwm,
pH 8.0). Protein concentration was quantified using the bicinchoninic
acid assay. Ammonium hydroxide (1 ul ammonium hydroxide for 10
wul propionylation reaction) was then added to the histone samples for
keeping the pH between 8.0 and 9.0. Derivatization reagent was
prepared by mixing propionic anhydride with 2-propanol in the ratio
1:3 (v/v) and immediately added to the histone samples for 15 min at
37 °C. Samples were dried by vacuum centrifugation and the propio-
nylation reaction were repeated twice. Dried samples were resus-
pended in ammonium bicarbonate (100 mm, pH 8.0) and then di-
gested at 37 °C overnight with trypsin (1:20, enzyme/substrate). After
digestion, homogenates were centrifuged at 12,000 rpm for 10 min
and the supernatants were dried by vacuum centrifugation. Dried
samples were resuspended in ammonium bicarbonate (100 mm, pH
8.0) and the derivatization reaction was performed again twice to
derivatize peptide N-termini. Dried samples were resuspended in
0.1% formic acid and were then desalted by using C18 stage-tips.
Digested peptides were then eluted with 50% ACN and 0.1% formic
acid. Eluted peptides were dried by vacuum centrifugation, resus-
pended in 0.1% formic acid, and subjected to LC-MS/MS analysis.

Identification of the Intramolecular C152-C156 Disulfide Bond On
GAPDH—Cells were grown and maintained in high glucose DMEM
supplemented with 10% fetal bovine serum at 37 °C and 5% CO..
Cells were grown until 80% confluent and subjected to serum depri-
vation overnight. Cells were then treated with or without 2 mm H,0,
for 10 min. Treatments were stopped by removing the medium and
washing the plates quickly with cold PBS three times. Cells were
lysed in NETN buffer containing100 mm iodoacetamide for 30 min on
ice before centrifugation (13, 000 X g, 10min). The soluble fraction (2
mg) were incubated with 10 ug of Anti-GAPDH antibody (HC301-02,
Transgen Biotech, Beijing, China) at 4 °C overnight and precipitated
with protein A/G-agarose beads for 2 h at RT. Immunoprecipitated
proteins was incubated with non-reducing SDS-PAGE loading buffer
(250 mm Tris-HCI, 10% SDS, 0.5% bromphenol blue, 50% glycerol,
pH6.8) at RT for 10 min and separated on 10% SDS-PAGE. Proteins
on SDS-PAGE gels were stained by Coomassie blue. The bands with
corresponding molecular weight (~36 kD) were excised and sub-
jected to in-gel tryptic digestion. The resulting peptides were ana-
lyzed by LC-MS/MS.

LC-MS/MS Analysis—For QTRP experiment, LC-MS/MS analyses
were performed on a Q Exactive Plus mass spectrometer (Thermo
Fisher Scientific) operated with an Easy-nLC1000 system (Thermo
Fisher Scientific). Samples were reconstituted in 0.1% formic acid
followed by centrifugation (16,000 X g for 10 min) and the superna-
tants were pressure-loaded onto a 360 um outer diameter X 75 um
inner diameter microcapillary precolumn packed with Jupiter C18 (5
um, 300 A, Phenomenex, Torrance, CA) and then washed with 0.1%
formic acid. The precolumn was connected to a 11 cm 50-pum-inner
diameter microcapillary analytical column packed with the ReproSil-
Pur C18-AQ (3 um, 120 A, Dr. Maisch GebH, Germany) and equipped
with an integrated electrospray emitter tip. The spray voltage was set
to 2.2 kV and the heated capillary temperature to 250 °C. LC gradient
consisted of 0-15 min, 2% B; 35 min, 15% B; 40 min, 20% B; 50 min,
30% B; 55 min, 35% B; 59-65 min, 90% B; 80-85 min, 2% B (A =
water, 0.1% formic acid; B = ACN/0.1% formic acid) at a flow rate of
300 nL/min. HCD MS/MS spectra were recorded in the data-depend-
ent mode using a Top 20 method. MS1 spectra were measured with

a resolution of 70,000, an AGC target of 3e6, a max injection time of
20 ms, and a mass range from m/z 300 to 1800. HCD MS/MS spectra
were acquired with a resolution of 17,500, an AGC target of 2e5, a
max injection time of 50 ms, a 1.0 m/z isolation window and normal-
ized collision energy of 28. Peptide m/z that triggered MS/MS scans
were dynamically excluded from further MS/MS scans for 20 s.

For all other experiments, samples were reconstituted in 0.1%
formic acid and pressure-loaded onto a 2 cm microcapillary precol-
umn packed with C18 (3 um, 120 A, SunChrom, Friedrichsdorf,
Germany). The precolumn was connected to a 12 cm 150-um-inner
diameter microcapillary analytical column packed with C18 (1.9 um,
120 A, Dr. Maisch) and equipped with a homemade electrospray
emitter tip. The spray voltage was set to 2.1 kV and the heated
capillary temperature to 320 °C. For histones, LC gradient consisted
of 0 min, 7% B; 14 min, 10% B; 51 min, 20% B; 68 min, 30% B; 69-75
min, 95% B (A = water, 0.1% formic acid; B = ACN, 0.1% formic
acid) at a flow rate of 600 nL/min. HCD MS/MS spectra were recorded
in the data-dependent mode using a Top 20 method. MS1 spectra
were measured with a resolution of 70,000, an AGC target of 3e6, a
max injection time of 20 ms, and a mass range from m/z 300 to 1400.
HCD MS/MS spectra were acquired with a resolution of 17,500, an
AGC target of 1e6, a max injection time of 60 ms, a 1.6 m/z isolation
window and normalized collision energy of 30. Peptide m/z that
triggered MS/MS scans were dynamically excluded from further
MS/MS scans for 18 s. For GAPDH, LC gradient consisted of 0 min,
8% B; 15 min, 24% B; 21 min, 35% B; 22 min, 35% B; 30 min, 95%
B (A = water, 0.1% formic acid; B = 80% ACN, 0.1% formic acid) at
a flow rate of 600 nL/min. The parallel reaction monitoring (PRM)
method consisted of an MS1 scan at 70,000 resolution with an AGC
value of 3e6, max injection time of 60 ms, and scan range from m/z
300-1400 recorded as MS1 profile data. This was followed by three
targeted MS2 scans (VIPELNGK, m/z 859.434, charge 2; IISNACTT-
NCLAPLAK with disulfide bond, m/z 435.258, IISNAC amITTNC am
LAPLAK, charge 2; m/z 917.440, charge 2) at a resolution of 35,000
and with an AGC value of 1e6, a max injection time of 100 ms, a 2.0
m/z isolation window, normalized collision energy of 27, and recorded
as profile data.

Peptide Identification and Quantification—Raw datafiles from 72
LC-MS/MS runs were converted to mzML format using Proteowizard
(8.0.5211) (16). The mzML files were searched against a decoy protein
database consisting of forward and reversed human RefSeq version
54 database (Sep 25, 2012; 34,590 entries) using MS-GF+ (version
9979) (17). Precursor ion mass tolerance and fragmentation tolerance
were both set as 10 ppm for the database search. A specific-tryptic
search was employed with a maximum of two missed cleavages
allowed. The maximum number of modifications allowed per peptide
was three. Different modifications of + 15.9949 Da (oxidation, M), +
57.0214 Da (iodoacetamide alkylation, C), +252.1222 (light IPM-
triazohexanoic acid, C), and + 258.1424 (heavy IPM-triazohexanoic
acid, C) were searched as variable modifications. No fixed modifica-
tions were searched. Spectral identification mzID files generated from
the MS-GF+ search were converted to idpXML files for protein as-
sembly using IDPicker 3 (version 3.1.10199.0) (18). The maximum Q
value of peptide-spectrum matches (PSMs) was set as 0.5% and
each peptide should be identified by at least three spectra in QTRP
experiments for each cell line. These stringent filters result in a final
false-positive rate below 1% for peptides and their corresponding
proteins groups.

Peptide quantifications were performed with Skyline software as
previously described (15, 19). Spectral libraries were imported from
the mzID files. A subset FASTA database containing all the identifi-
cations (with and/or without IPM modification) exported from the
IDPicker files was then imported into Skyline (version 3.1). The pep-
tide list was refined in Skyline by removing all unmodified peptides. To
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further reduce the final false-positive rate of identification and enable
reliable quantification of the remaining IPM-modified peptides in the
list, all the automatically annotated spectra in the Skyline libraries
were manually evaluated as previously described (20). Moreover, the
modified peptides whose matched spectra did not contain the major
diagnostic fragment ions (m/z 311.12 and 317.14 for light and heavy
peptides, respectively, which are generated by fragmentations anal-
ogous to those reported for cysteine conjugates (21)) were excluded.
After refining the peptide list, Raw files were directly imported into
Skyline for automatic peak picking and MS1 filtering using the follow-
ing criteria. First, the retention time of the PSM-identified peptide was
used to position a retention time window (+ 2.0 min) across the run
lacking the same peptide identification. Second, the resolution for
extracting the MS1 filtering chromatogram of the target precursor
ions with both light and heavy labeled peptides was set to 60,000 at
400 Th. Following data extraction, graphical displays of chromato-
graphic traces for the top three isotopic peaks were manually in-
spected for proper peak picking of MS1 filtered peptides and those
with isotopic dot product scores lower than 0.8 were rejected. Several
additional criteria were used to further ensure the high accuracy and
precision of quantification: (1) signal to noise threshold of all the
detected peptides was set to 3.0; (2) baseline separation was required
between the isotopic peaks of a quantifiable peptide and unknown
isobaric interference; (3) manual integration was applied if necessary.
The ratios of peptide areas of light peptides to their heavy isotopes
(R...) were calculated automatically. Quantitation results were ob-
tained from three biological replicates.

R, ), Value Processing—R, .,; values (H,O, treated/control) for each
quantifiable peptide in QTRP experiment were combined and their
tendency in response to H,0, titration was classified by STEM soft-
ware (22). Overlapping quantification results with the same IPM-
modified cysteine (e.g. different charge states, variable Met oxidation,
or tryptic termini) are grouped together and the median ratio is re-
ported as the final R ., value. All the final R ., values were first
logarithmically normalized before clustering. For STEM clustering, the
algorithm first defines a set of distinct and representative model
profiles independent of the data. These model profiles correspond to
possible profiles of changing L/H ratios with H,O, exposure concen-
tration. The statistical significance of the number of cysteines as-
signed to each profile versus the number expected is then computed.
Statistically significant model profiles that are like each other were
grouped together to form clusters of profiles. The parameters used
were set as default except the following settings: the maximum num-
ber of model profiles = 20; the maximum unit change in model
profiles between groups = 2; the minimum absolute expression
change = 0.8. The most significantly enriched cluster was a group of
cysteine sites with declining R, values upon H,0O, titration (p <
0.05). IC50 values of these sites were calculated using probit regres-
sion analysis tool embed in SPSS software. K-means clustering im-
plemented in STEM was performed in default settings except the
number of random starts was set as 100.

Bioinformatics and Structural Analysis—GO enrichment (p < 0.01,
FDR<0.05) analyses were performed by comparing the H,O,-sensi-
tive proteins identified in each cell line with the corresponding abun-
dance-corrected proteomes using a functional annotation web tool as
previously described (23). RNA-level expression data used for protein
abundance correction across four cell lines were obtained from The
Human Protein Atlas (24). The consensus sequence motif analysis
was conducted by pLogo (25), a linear sequence prediction algorithm
based on their statistical significance (p < 0.05). The evolution con-
servation analysis was based on the residues within homologous
proteins of eukaryotic species using eggNOG’s multiple sequence
alignments (26). The presence or absence of the H,0,-sensitive and
insensitive cysteines within the alignments was counted, and the

overall percentage of cysteines at the respective positions was cal-
culated for each species. For residue colocalization analysis, infor-
mation about the PTMs on lysine (K) and arginine (R) residues were
obtained from PhosphoSitePlus (27) and the distribution of lysine and
arginine residues with or without modifications in the near vicinity (=6
residues) of the H,O,-sensitive and insensitive cysteines were calcu-
lated. The crystal structures of the proteins used for calculation of
residue solvent accessibility (RSA) and pK, values of H,0,-sensitive
and -insensitive cysteines were obtained from protein data bank
(PDB) (supplementary Table S9). RSA were calculated with a probe
(H,0) radius of 1.4 A and default gradient using GETAREA (28). The
residues which exceeds the ratio value 50% were solvent accessible
and buried if it is less than 20%. Theoretical calculations of pK,, values
were carried out based on PDB structures using the program
PROPKA versions 3.0 (29). PARSE was chosen as the forcefield and
the pH value was set as 7.0 to enable annotation of protonation
states.

Quantification of Intracellular NADP*/NADPH and GSH/GSSG Lev-
els—The NADP*/NADPH ratios were determined based on a GDH
cycling reaction, in which a tetrazolium dye is reduced by NADPH in
the presence of phenazine methosulfate, using Enzychrom™ NADP
and NADPH assay kits (ECNP-100 Bioassay Systems, Hayward, CA)
following the manufacturer’s instructions. In brief, Cells were grown to
confluence in 6-well plates and, 24 h before measurement, spent
medium was changed to fresh medium. NADP and NADPH in each
well of tested cells were extracted at 60 °C for 5 min, followed by pH
neutralization and centrifugation at 4 °C (13,000 X g for 5 min).
Supernatants were incubated with pre-mixed working reagent con-
taining GDH, glucose and tetrazolium dye for 30 min at RT in 96-well
plate. Optical density at 565 nm was measured using a Multiskan
MKS plate reader (Thermo Fisher Scientific).

For determining intracellular GSH/GSSG ratios, cells were grown to
90% confluency on confluence in 6-well plates. Cells on the plates
were acidified with ice-cold 5% metaphosphoric acid (w/v) and incu-
bated at 4 °C for 5 min. Then, the supernatant was separated by
centrifugation at 13,000 X g for 10 min at 4 °C and transferred to the
wells of a 96-well plate. Total, reduced, and oxidized GSH were
determined with Ellman’s reagent and an enzymatic recycling system
in a commercialized assay kit (Nanjing Jiancheng Bioengineering
Research Institute, Nanjing, China) following the manufacturer’s in-
structions. The measurement of the absorption (Amax = 412 nm)
derived from a colorimetric reaction was conducted on a Multiskan
MKS plate reader.

Western Blotting— Cells were lysed in NTEN lysis buffer containing
100 mm NEM without reducing agents before centrifugation (13, 000g,
10min). For non-reducing gel analysis, lysates were mixed with
NuPAGE® LDS loading buffer (Thermo Fisher Scientific, NP0007) and
boiled for 10 min. For reducing gel analysis, 125 mm DTT (final
concentration) was included in the loading buffer. The proteins re-
solved by SDS-PAGE were transferred to PVDF membranes (Life
Technologies, LC2002). Membranes were blocked in a 1:1 mixture of
TBST and blocking buffer (Rockland, Limerick, PA, MB-070) at RT for
1h. The corresponding antibody in the same buffer used for blocking
were added to the membrane, and incubated overnight at 4 °C. After
incubation, the membranes were washed three times with TBST,
incubated with the Infrared Dye-conjugated anti-mouse 680 (Life
Technologies, A21058) at RT for 30 min. The membranes were then
washed three times with TBST, and then visualized on a LiCor Od-
yssey scanner (Lincoln, Nebraska), and analyzed using Odyssey v3.0
software.

Experimental Design and Statistical Rationale—Four cell lines, in-
cluding A431, HEK293, HepG2, and U20S, were used in this study.
Each cell line was treated with six different concentration of H,O, for
10 min to trigger variable levels of redox changes. Each QTRP ex-
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periment was performed in biological triplicate with single LC-MS/MS
run to evaluate reproducibility of quantification. The quality of this
data set was assessed with coefficient of variation of all the measured
light to heavy (L/H) ratios. Two sample t-tests were performed to
determine if evolutionary conservation, pK, values, and residue sur-
face accessibility of H,0O,-sensitive cysteines were significantly dif-
ferent with those of their insensitive counterparts. H,0,-dependent
cysteine oxidation colocalization with other PTMs occurring on lysine
and arginine were assessed by Chi-square test. Difference with p
value smaller than 0.05 was considered statistically significant.

RESULTS

Quantitative Thiol Reactivity Profiling (QTRP)—In the last
decade, there have been tremendous advances in the field of
redox proteomics (12, 30). Protein thiols targeted by H,O,,
GSNO, and lipid electrophiles can be globally profiled by a
quantitative chemoproteomic strategy called isoTOP-ABPP.
Alternatively, the specific oxidized forms including S-sulfeny-
lation, S-nitrosylation, S-glutathionylation, can be enriched
and identified by differential alkylation approaches (e.g. resin-
assisted capture, biotin-switch technique, oxiTMT) and che-
moselective labeling strategies (15, 31-35). Inspired by these
studies, we developed a chemoproteomic platform to meas-
ure the ability of H,O, to affect thiol reactivity toward an
electrophilic iodoacetamide-alkyne probe (IPM) in native cell
proteomes. We chose a relatively low concentration of IPM
(100 wm) for thiol labeling in that a high mm concentration of
thiol alkylating reagents can also react with oxidized forms of
cysteines (36, 37). Moreover, it has been well-demonstrated
that 100 um of iodoacetamide-based reagent is able to com-
pletely label the native free thiol proteome (10, 38-43). Our
strategy is termed quantitative thiol reactivity profiling (QTRP).
As shown in Fig. 1A, the harvested proteomes from cells
treated in situ with or without H,O, were reacted with the IPM
probe for alkynylation of reactive protein thiols and then di-
gested into tryptic peptides. An isotopically labeled and
UV-cleavable azido-biotin tag was then conjugated to the
alkynylated peptides using copper catalyzed alkyne azide
cycloaddition reaction (CUAAC, click chemistry). Isotopically
light (*2C) and heavy (*3C) tags were conjugated to the sam-
ples with or without H,O, treatment, respectively. Equal
amounts of the corresponding light and heavy samples were
mixed and subjected to successive streptavidin enrichment,
photorelease, and liquid chromatography-tandem mass
spectrometry (LC-MS/MS)-based proteomic analysis. The re-
duction in the thiol-reactive probe reactivity of cysteines in the
presence of competing H,O, were quantified from light/heavy
precursor peptide m/z ratios for all the IPM labeled cysteinyl
peptides, which indicates their relative reactivities toward
H,O,. In principle, the lower the measured light/heavy ratio,
the more reactive the cysteine was toward H,O,. To gain a
more comprehensive understanding of H,O, target reactivity
profiles, we treated cells with six different concentrations of
H,0, (from 0.02 mm to 5 mw) to trigger variable levels of redox
changes in four different human cell lines, including A431,

HEK293, HepG2, and U20S. The cells were stimulated for 10
min with H,O, to detect early redox changes. Three biological
replicates were performed for each stimulus in all four cell
lines tested in this study, resulting in a total of 72 high-
resolution LC-MS/MS runs (supplemental Table S1-S4).

We first evaluated the analytical performance of QTRP in
this data set (supplemental Fig. S1). Typically, we identified
3795 = 669 probe-modified peptides in single LC-MS/MS
run; detection was facilitated by high enrichment specificity
(77.2%-96.8% identified peptides were probe-labeled). In
contrast, several previous studies using isoTOP-ABPP re-
quired fractionation and much more measurement time, while
identifying fewer cysteine-containing peptides (supplemental
Fig. S1). The major difference between our chemoproteomic
approach and isoTOP-ABPP is the workflow design. In our
workflow, click chemistry is performed on a peptide-level after
tryptic digestion to enable relatively higher yield of biotinyl-
ated conjugates, whereas isoTOP-ABPP is performed click
reaction on a protein-level. Moreover, 56.8-79.5% of the
cysteine sites were repeatedly identified in all three biological
replicates (supplemental Fig. S2). To enable highly accurate
quantification of thiol reactivity, we applied stringent criteria to
choose quantifiable peptides (15). The quality of this data set
is further indicated by the high reproducibility among three
biological replicates for all four cell lines, with the average
coefficient of variation of all the measured light to heavy (L/H)
ratios lower than 20% for each cell line (supplemental Fig. S3).
In total, we quantified the responses to H,O, of 6566 cys-
teines on 3557 proteins (Table | and supplemental Table S5).
The extracted ion chromatograms for the IPM-labeled pep-
tides from a potential H,O, target (Apaf-1 interacting protein,
APIP C147) and a well-known redox sensor (PRDX5 C100) are
shown in Fig. 1C and supplemental Fig. S4, respectively,
which demonstrate the coelution of the light and heavy spe-
cies, the high sensitivity, and the precision of quantification.
However, we could not detect several well-known redox sen-
sitive cysteines such as peroxidatic cysteines of typical 2-Cys
peroxiredoxins and CXXC motif of thioredoxins, probably be-
cause these deeply buried cysteines maybe be inaccessible
to the IPM probe for steric reasons or rapid formation of
intramolecular disulfide bond outcompete probe-thiol reac-
tions. To further validate the MS result, we expressed wildtype
and C147A mutant APIP with a V5 tag in HEK293 cells and
analyzed the effect of H,O, treatment by reducing and non-
reducing SDS-PAGE. H,O,-induced oxidation of wildtype
APIP led to altered migration on non-reducing gels in a dose-
dependent manner, whereas C147A mutant APIP was unaf-
fected (Fig. 1D).

QTRP Identifies the H,O,-sensitive Cysteines in Human
Proteomes—The mean abundance of proteomic cysteines in
all four cell lines was not affected by H,O, (supplemental Fig.
S5), but we hypothesized that this masked possibly significant
individual differences. We used the data mining tool STEM
(22) to identify 1259 cysteines on 1031 proteins, for which the
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Fic. 1. Quantitative thiol reactivity profiling (QTRP). A, General workflow for QTRP. thiol proteomes from cells were labeled with IPM probe
and then digested into tryptic peptides. isotopically light (*2c) and heavy (*°c) tagged UV-cleavable azido-biotin were conjugated to the samples
with or without H,O, Treatment, respectively, through CUAAC. Equal amounts of the corresponding light and heavy samples were mixed and
subjected to successive streptavidin enrichment, photorelease, and mass spectrometry-based proteomic analysis. Competition ratios are
measured by dividing the MS1 ion peaks for IPM-labeled peptides in control (Heavy, Blue) versus H,O, treatment (light, red) samples. B, The
measured light to heavy ratios of the APIP peptide containing the H,O,-sensitive cysteine, C147, quantified by QTRP in four cell lines under
H,0, titration. data are presented as mean values = S.D.; n = three biological replicates. C, Representative MS ion chromatograms for The
APIP C147 peptide in HEK293 cells. D, Verification of C147 as a H,0,-sensitive cysteine in APIP. HEK293 cells expressed with V5-tagged APIP
or C147A mutant were treated with the indicated concentration of H,O,. Proteins from cell lysates were separated with reducing and
non-reducing SDS-page gel electrophoresis and analyzed by immunoblotting with anti-V5.

TABLE |
IPM probe-labeled cysteine sites identified and quantified in four cell lines across 72 QTRP experiments

) Distinct Distinct Quantifiable Quantifiable Proteins with
Cell line . . . ) . o .
peptides proteins peptides cysteine sites quantifiable cysteine
A431 5313 2802 3714 3529 2094
HEK293 7001 3506 3557 3433 2196
HepG2 7224 3435 3713 3563 2212
u20Ss 6072 3132 3616 3459 2126
Total 11595 5119 6959 6566 3557

measured L/H ratios display a descending trend upon H,O, reactivities to H,O, in four different cell lines, we calculated
titration, suggesting that they might be potential H,O,-sen-  the half-maximal inhibitory concentrations (IC50) for H,O,-de-
sors (supplemental Fig. S6A). To further compare the cysteine  pendent oxidation of these cysteine sites (supplemental Table
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S6). Accordingly, the cysteines quantified in this study could
be classified into three categories. The cysteines with calcu-
lated IC50 value lower than 0.5 mm were defined as highly
H,O,-sensitive targets; those within the range from 0.5 to 2.5
mwm were considered to be moderately sensitive, whereas the
rest were classified as insensitive. The examples for each of
three categories were illustrated in supplemental Fig. S6B. In
total, we found 916 cysteine sites on 765 proteins with IC50
values less than 2.5 mwm in at least one cell line (supplemental
Table S6). By comparing this H,O,-dependent redoxome with
intrinsic thiol reactivity data set generated by Weerapana et al.
(40), we found only ~2.3% (21/916) of the H,O,-sensitive
cysteines exhibited high or moderate reactivity (or rapid reac-
tion kinetics with thiol reactive probe, supplemental Fig. S7).
This finding suggested that the distinct site-specific target
preference of H,O, may not be dominated by the intrinsic
reactivity of thiol proteome. In addition, it is important to note
that these IC50 values only represent the effects of exoge-
nously added H,O, on thiol proteomes; the intracellular H,O,
concentration may be much lower (44). Regardless, the data
set contains many well-known redox-sensitive proteins, in-
cluding antioxidants (PRDX5, TXN2, and PARK?7), protein ty-
rosine phosphatases (PTPN1), metabolic enzymes (GAPDH,
PKM), and a DNA damage sensor (ATM). However, novel
H,O,-sensitive sites comprise most of the data set (supple-
mental Table S6). We also developed a web portal database,
OXID (http://redox.ncpsb.org/OXID/), as a compendium of
proteome-wide analyses to identify and quantify oxidation-
sensitive proteins.

Systems-level Analyses Reveal Cell-Specific Redoxome For
Sensing H,O,—The data sets reveal that different cells dis-
play strikingly different and largely nonoverlapping H,O, red-
oxomes (Fig. 2A). U20S had the highest number of H,O,-
sensitive cysteines (510), followed by A431 (360), HepG2 (152)
and HEK293 (48). Ranking the IC50 values revealed that the
top 20 most H,O,-sensitive cysteines in four cell lines are
quite different (supplemental Fig. S8A). We also noted that the
same cysteines could react differently with H,O, in a cell-
specific manner (supplemental Fig. S8B). For example, the
catalytic cysteine (C100) of PRDX5 was found to be H,O,-
sensitive only in HEK293 cells, the only non-cancer cell line
used in this study. In another example, the active site of
PTPN1 (PTP1B), Cys215, was moderately sensitive to H,O,
only in U20S cells (IC50 = 2.1 mwm). Considering that PTPN1
controls many key tyrosine dephosphorylation events, we
next asked whether the cell-specific H,O,-sensitivity of
PTPN1 could affect its cellular activity. To this end, we com-
pared the changes of phosphorylation level on Y182 of p38
MAPK, a substrate of PTPN1 (45), in U20S and HepG2 cells.
As expected, p38 MAPK was phosphorylated upon H,O,
treatment in a dose-dependent manner in U20S, but not in
HepG2 cells (supplemental Fig. S8C). In addition, we found
that many enzymes involved in histone lysine acetylation were
H,O,-sensitive only in U20S cells, such as EP300, HDAC1,
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Fic. 2. Cell-specific redoxome for sensing H,0,. A, Venn dia-
gram showing the overlap of potential H,O,-sensitive cysteines (cal-
culated IC50 values of H,O, lower than 2.5 mM) identified in four cell
lines. B, Significantly (p < 0.01, Fisher test, FDR < 0.05) enriched GO
biological processes and terms from U20S Redoxome. Each point is
proportional in size to the number of H,O,-senstive proteins associ-
ated with the term. C, Effects of H,0,-dependent oxidation on histone
lysine acetylation in U20S cells. Detailed label-free proteomic quan-
tification results are shown in supplemental Fig. S8. D, Heat map of
cysteines with IC50 < 2.5 mM in at least three cell lines. Proteins
related to small molecule metabolism and biosynthesis were shown in
bold italic format.
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and HDACS. Gene Ontology (GO) classification also revealed
enrichment of U20S redoxome in chromatin organization (p =
1.76 X 1075, FDR = 3.56 X 1073) and histone modification
(o = 38.42 x 1074, FDR = 3.46 X 1072 (Fig. 2B and supple-
mental Table S7). These findings suggested a potential link
between H,O, sensing and regulation of histone marks. To
test this hypothesis, we used a label-free LC-MS/MS pro-
teomic approach to identify and quantify several histone ly-
sine acetylation events in cells (supplemental Table S8).
Notably, we found that H,O, treatment (1 mm, 30 min) signif-
icantly changed levels of acetylation on H2AK9, H2AKS6,
H2BK85, H3K4, H4K5, and H4K20 in U20S cells, whereas no
effects were observed on these sites in HepG2 cells upon the
same treatment (Fig. 2C and supplemental Fig. S9).

We next asked whether differential H,O,-dependent redox
sensing is also controlled by the status of cellular antioxidant
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systems. We compared the expression levels of several major
antioxidant proteins in four tested cell lines. Notably, each cell
line has a distinct expression pattern of these antioxidants
(supplemental Fig. S8D). Moreover, U20S cells produce a
relatively low level of reducing capacity, including GSH/GSSG
and NADP/NADPH systems (supplemental Fig. S8E-F),
thereby explaining their susceptibility to oxidation. Together,
these findings suggested that H,O,-sensing mediated by cys-
teines depends not only on intrinsic cysteinyl thiol reactivities,
but also on broader characteristics of protein composition
and networks in each specific cellular context.

Nonetheless, a small group of cysteines, which accounted
for ~0.3% of all quantifiable cysteines, was sensitive to H,O,
in at least three of the tested cell lines (Fig. 2D). Notably, many
of these ubiquitous H,0O,-sensitive cysteines are in enzymes
related to small molecule metabolism and biosynthesis. These
findings suggest that cysteines with key metabolic functions
are conserved in H,O, sensing. Interestingly, mounting evi-
dence suggests that H,O, can trigger cellular defensive re-
sponse through metabolic reprograming. For example, the
rapid accumulation of NADPH in response to H,O, is gener-
ated by metabolic flux through oxidation of major glycolytic
enzymes, such as GAPDH and PKM (8, 46). In addition, many
proteins involved in branched chain amino acid (BCAA,; i.e.
leucine, isoleucine and valine) degradation are also H,O,-
sensitive in most tested cell lines. Among these is a known
H,O, sensor, the branched chain aminotransferase BCAT2,
which has a key redox-switch (C342-C345) (47). Inhibition of
BCAA degradation is associated with increased energy ex-
penditure and protein turnover, which is a well-recognized
adaptive cellular response to oxidative stress (48, 49).

Although many known redox sensors and regulators were
identified in our data set (supplemental Fig. S8B), we failed to
identify the peroxidatic cysteines of four typical 2-Cys perox-
iredoxins (PRDX1-4), the most H,O,-sensitive sites known.
We measured the levels of overoxidation of 2-Cys PRDXs in
four cell lines upon titrated H,O, treatment using an antibody-
based approach (50). We found that these first-line redox
sensors became overoxidized in the range of 0.05-0.2 mm
(supplemental Fig. S10A). However, only 4.2-11.8% of the
H,O,-dependent redoxome changes were also triggered by
relatively low level of H,O, levels (< 0.2 mm); most H,O, redox
alterations did not occur until the 2-Cys PRDXs were exten-
sively oxidized (supplemental Fig. S10B). This finding pro-
vides the first experimental evidence for the “floodgate
model” proposed over a decade ago, in which 2-Cys PRDXs
can act as a peroxide floodgate to keep resting levels of H,O,
low, yet permit higher levels during oxidative stress and redox
signaling (51, 52).

Structural Determinants of Cysteine-mediated H,O, Sens-
ing—Because many known redox-sensitive cysteines are
evolutionarily conserved across different species, we first in-
vestigated the evolutionary conservation of all the identified
H,O,-sensitive cysteines (IC50 < 2.5 mwm) using eggNOG

multiple sequence alignments (26). Surprisingly, only ~21.8%
of H,O,-sensitive cysteines (such as C47 of PRDX6 and C152
of GAPDH) display a cysteine conservation ~80% across
disparate species, whereas conservation rates of most of the
H,O,-sensitive cysteines are widely divergent. H,O,-sensitive
cysteines were found to be less conserved than redox-insen-
sitive cysteines (Fig. 3A), suggesting that the non-conserved
H,O,-sensitive cysteines may have evolved more recently.
Notably, emerging evidence suggests that H,O, plays impor-
tant roles in the development of multicellular microbial com-
munities, which may take ~1.5 billion years to arise from their
single-cell ancestors (53). We therefore presumed that H,O,-
sensing cysteines have co-evolved functionally with other
redox/metabolic pathways.

Next, we examined flanking sequences of H,O,-sensitive
cysteines with the pLogo algorithm for the presence of linear
motifs (25). Interestingly, cysteine was under-represented in
the £3 position of the H,O,-sensitive sites identified in this
study (Fig. 3B), although the CXXC motif is H,O,-sensitive on
many known redox sensors, such as thioredoxins. This dis-
crepancy may be explained by the moderate kinetic reactivity
of the iodoacetamide-based probe, which probably cannot
compete with the rapid formation of disulfide bond in the
CXXC motif under our experimental conditions. Another inter-
esting finding is that the basic amino acids such as lysine (K)
and arginine (R) are over-represented at the adjacent position
of the H,O,-sensitive sites (Fig. 3B). It is known that these
positively charged residues act as hydrogen donors, which
are capable of stabilizing thiolate anions, thereby reducing the
pK, of the adjacent thiols. In principle, thiols with low pK,
have higher reactivity at physiological pH, thus facilitating
reaction of H,O, with the thiolate anion (54). Using the
PROPKA 3.0 algorithm (55), we calculated the pK, values of
cysteines on 25 proteins with crystal 3D structures (supple-
mental Table S9). Indeed, the average predicted pK, of 26
H,O,-sensitive cysteines was 10.0 + 2.1, which was slightly,
but significantly lower than that of the remaining 130 H,O,-
insensitive sites on the same proteins (pK, of 11.2 + 2.3) (Fig.
3C). On the other hand, K/R residues are the targets of diverse
PTMs (such as acetylation, methylation, or ubiquitination),
which play key roles in the regulation of diverse cellular pro-
cesses. Notably, cysteine oxidation status has already been
linked to some of these PTMs (56, 57). In this regard, we next
asked whether these H,O, sensing events participate in
crosstalk with PTMs on proximal K/R residues. Our analyses
revealed that H,O,-sensitive cysteines colocalize with lysine
acetylation and ubiquitination and arginine methylation, but
not lysine methylation and sumoylation (Fig. 3D). Although this
relationship suggests testable hypotheses, the mechanistic
significance of these potential regulatory crosstalk relation-
ships remains to be investigated.

We also estimated the residue surface accessibility (RSA) of
all cysteines within the same protein structures (supplemental
Table S9). Strikingly, 50% of H,O,-sensitive cysteines were
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calculated with an average RSA of 30.1%, whereas H,O,-
insensitive cysteines within the same proteins exhibited much
lower RSA (9.8%) (Fig. 3E), indicating that H,O, preferentially
targets cysteines in the most highly solvent-exposed areas of
proteins.

Furthermore, we asked that whether these H,O,-sensitive
sites fall into certain protein domains. Classification of these
H,O, sensors to known protein domains using InterPro indi-
cated 19 H,O,-sensitive proteins contain zinc finger domains
(Fig. 3F and supplemental Table S7), which are known to
facilitate formation of cysteine thiolates (58). In addition, we
identified other distinct domains which are overrepresented in
our redoxome, including HEAT repeats (17), bromodomain
(13), and helicase (17) (Fig. 3F). Domains formed by HEAT-
repeats are important for the formation of protein-protein
interactions and appear in many proteins involved in intracel-
lular transport (59). Of interest, many HEAT-domain contain-
ing proteins, such as importins and exportins were found to
be H,0O,-sensitive, though their redox-regulatory roles in nu-
clear transport require further exploration.

Oxidation Triggers Conformational Changes of H,0O,-sensi-
tive Proteins—We identified and quantified the reactivity of
the resolving cysteines of all four typical 2-Cys peroxiredoxins
toward H,O, (supplemental Fig. S11A). Surprisingly, we found
the detected L/H ratios of these cysteines increased upon
H,O, treatment in at least one cell line, which suggested that
the thiols on these resolving cysteines were more available
under conditions of oxidative stress. This observation may be

explained by the well-recognized catalytic mechanism of
2-Cys peroxiredoxins, which is illustrated by the crystal struc-
tures of reduced and oxidized human PRDX4 (supplemental
Fig. S11B) (60, 61). In the reduced state of PRDX4, the con-
served Cp loop forms a helix, positioning the peroxidatic
cysteine (C124) in the buried active-site pocket; the resolving
cysteine (C245) in the C-terminal arm is also buried. Upon
H,O, treatment, the buried C124 is oxidized to a cysteine
sulfenic acid. The sulfenic acid formation subsequently un-
folds the active site and converts the both peroxidatic and
resolving cysteines into solvent-exposed sites. In agreement
with this mechanism, the relative solvent accessibility of C124
and C245 on reduced PRDX4 was calculated as 0 and 0%,
respectively. These values were dramatically increased to
27.1% and 52.9% in the oxidized form, respectively. There-
fore, the resolving cysteines of the oxidized 2-Cys peroxire-
doxins should be more readily available for chemical labeling
than those of reduced forms. Notably, other typical 2-Cys
peroxiredoxins also are subjected to dramatic conformational
changes in order either to generate protective intermolecule
disulfide bonds or to recruit sulfiredoxin (62).

This unexpected observation inspired us to find more
cysteines whose solvent surface exposure was increased
by oxidation-triggered conformational changes. We used K-
means clustering to identify a small group of cysteines with
responses to H,O, like those of resolving cysteines of 2-Cys
peroxiredoxins (supplemental Table S10). Among sites that
exhibit this behavior are the two non-catalytic cysteines of
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Fic. 4. H,0,-dependent oxidation triggers dramatic structural changes of GAPDH. A, The measured light to heavy ratios of the peptides
containing all three cysteines of GAPDH quantified by QTRP in four cell lines under H,O, titration. C152, C156, and C247 were displayed in
black, red, and blue color, respectively. B, Representative MS ion chromatograms from QTRP experiments for the peptides corresponding to
all three cysteines of GAPDH in HEK293 cells. C, Representative MS/MS spectrum of a disulfide-bond (C152-C156) containing peptide from
GAPDH in HEK293 cells. D, The PRM chromatographic traces of the disulfide-bond (C152-C156) containing peptide (lower) and its reduced
form (upper; reduced cysteines were carbamidomethylated by iodoacetamide, depicted with asterisk) from endogenous GAPDH in HEK293
cells treated with or without H,0O,. E, The relative abundance of GAPDH C152/C156 containing peptides in HEK293 cells treated with or without
H,0,. To minimize the protein-level variation, the ratios of PRM peak areas of ISNAC,5,TTNC,5,LAPLAK in either disulfide bond or reduced
form between H,O,-treated samples and controls were normalized with those obtained from an unmodified peptide (VIPELNGK) from GAPDH.

For (A) and (E), data are presented as mean values += S.D.; n = three biological replicates.

GAPDH (C156 and C247). As shown in Fig. 4A-4B, < 0.2 mm
H,O, could induce dramatic increases in the L/H ratios of
C156 and C247 on GAPDH. These ratios decrease as the
concentration of H,O, increases. According to the crystal
structures of GAPDH, C152 is highly exposed on the protein
surface, whereas C156 is deeply buried in a hydrophobic
core. The distance between these two sites is ~9 A, which
should prevent them from forming an intra-molecular disulfide
bond (63). However, Rinalducci et al. identified the intra-
molecule C152-C156 disulfide bond on GAPDH isolated from
red blood cells formed during long-term storage (64). To

further investigate whether C152 and C156 of GAPDH form
intra-molecule disulfide linkage under short-term oxidation,
we isolated the endogenous GAPDH from HEK293 cells
treated with or without H,O, and perform mass spectrometric
analysis. Interestingly, we identified unequivocally a tryptic
peptide containing C152-156 disulfide linkage from H,O,
treated cells, whereas the quantity of this peptide was much
higher than in untreated samples, as measured by parallel
reaction monitoring (PRM) (Fig. 4C-4D). These observations
suggest that large conformational changes must occur for the
GAPDH molecule to form C152-156 disulfide bond. This no-
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tion is supported by the changes of probe-labeling efficiency
during GAPDH oxidation. Thus, we propose a possible mech-
anism of H,0,-induced intra-molecule disulfide bond forma-
tion on GAPDH. Upon H,0, treatment, oxidation of C152 of
GAPDH triggers a dramatic conformational change in the
protein, which led two originally buried cysteines (C156 and
C247) to be exposed and become accessible for further re-
action. (i.e. disulfide bond formation or other oxidative mod-
ifications). The C152-156 disulfide bond formation induced by
H,O, could presumably prevent the key catalytic site of
GAPDH from overoxidation. Taken together, the results sug-
gest that H,O,-induced conformational changes may repre-
sent a common mode for avoidance of overoxidation in oxi-
dation-sensitive proteins.

DISCUSSION

Here we have described a quantitative chemoproteomic
strategy called QTRP (Fig. 1) to systematically investigate the
reactions between H,O, and proteomic cysteines in human
cells. The analyses enabled discovery of a cohort of known
and novel H,O,-sensitive cysteines and a proteome-wide
comparison of their redox behavior in cells. Our most notable
finding is that the H,O,-sensitive redoxome is highly variable
between different cells. The cell redoxomes we analyzed
shared a relatively small set of H,O, sensors, consisting pri-
marily of well-known antioxidants (peroxiredoxin and thiore-
doxin family) and metabolic enzymes (GAPDH, PKM2,
BCAT2, and ALDH5A1). We hypothesize that this conserved
redox-responsive antioxidant- and metabolism-regulating
network combines with a much larger, more cell type-specific
set of redox-sensitive cysteines to constitute the H,O,-sen-
sitive redoxome. This hypothesis is consistent with the re-
quirement that different cells must develop distinct redox
sensing mechanisms to cope with diverse and dynamic
environmental or metabolic stress conditions while accom-
modating a variety of differentiated cellular functions. This
hypothesis is supported by our observation that most of
H,O,-sensitive cysteines are not evolutionarily conserved and
only a few cysteines with key roles in antioxidant and meta-
bolic functions have been fixed during evolution.

Our analyses also suggest that the cysteine-mediated H,O,
sensing events in human cells are more complicated than
previously anticipated. Because different cells usually display
different phenotypic responses upon H,O, stimulation, there
are longstanding debates on the role of H,O, in regulation of
redox adaptive responses, such as oxidation reduction and
proteostasis (65, 66). It is noteworthy that the oxidation-sen-
sitive proteins involved in these biological processes may
function in seemingly contradictory ways in cells treated with
H,O,. For example, antioxidant enzymes, such as PRDX5 and
TXN2, can be deactivated by overdose of H,O,. Meanwhile,
H,0,-dependent inhibition of key metabolic enzymes (GAPDH,
PKM2) may elevate cellular antioxidant responses by regulat-
ing the production of reducing equivalents such as NADPH (8,

46). Likewise, in the process of ubiquitin-mediated proteoly-
sis, the deubiquitinating enzymes can be inhibited by H,O,,
which results in accumulation of ubiquitinated proteins upon
H,O, treatment (67-69), whereas dissociation of the 26S
proteasome mediated by H,O, may compromise proteolysis
of these ubiquitinated proteins (70). Thus, the phenotypic
outcome of H,0, stress in cells reflects the net effect of H,O,
on multiple sensors. We found that most H,O, sensors exhibit
quite different reactivities toward H,O, in different cells, which
results in the cell-specific phenotypic changes upon H,O,
treatment.

Besides many well-known redox sensors identified in the
data set (supplemental Fig. S8B), our data contain many
interesting leads for future functional studies. For example, we
found that C779 of PSMD2, a regulatory subunit of the 26S
proteasome, displays varying sensitivity to H,O, in different
cell contexts (Fig. 2D), suggesting a potential role of this site
in regulation of H,O,-induced dissociation and inactivation of
the 26S proteasome complex (70). Another ubiquitous target
of H,O, in human cells is C290 of C-terminal Src Kinase
(CSK), which is an important regulator of the oncoprotein Src
(Fig. 2D). CSK can interact with Src through an intermolecular
disulfide bond in vitro (71). However, the biological purpose of
this disulfide bond formation is largely unknown. Whether the
H,0O,-dependent C290 of CSK transduces this redox signal to
Src or other downstream effectors in cells through intermo-
lecular disulfide bond remains to be determined.

To better understand H,O, sensing at a systems level, we
performed bioinformatics and structural analysis of the data
set, which uncovered previously unknown regulatory func-
tions, crosstalk and distinct target preference of H,O, (Fig.
2-3). Of interest, the analysis identified the potential cross-
talk between H,0O,-dependent cysteine oxidation and lysine
acetylation by sequence proximity. In accordance with this
finding, H,O, was found to preferentially target bromodo-
mains of several histone acetyltransferases, which is involved
in transcriptional regulation through the recognition of acetyl
lysine modifications on diverse proteins (72). Moreover, this
potential crosstalk could be further confirmed by the obser-
vation of H,0,-induced perturbation on several histone lysine
acetylation events in U20S cells. H,O, may also stimulate
dynamic interplay between cysteine oxidation and other
chemical modifications at the same site, such as S-ADP-
ribosylation (73) and S-fatty-acylation (74). Another important
feature of this study is that QTRP provides a new opportunity
to predict conformational changes on certain H,O, sensors,
as illustrated by our evidence for an unexpected mode for
avoidance of overoxidation of GAPDH. In combination with
simple chemical tools that preferentially and stably label re-
active groups of proteins, this chemoproteomics approach
should be adapted to provide global and site-specific assess-
ment of protein surface accessibility for studying dynamic
structural change and interaction of proteins.
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In conclusion, our quantitative chemoproteomic strategy
has substantially expanded the scope of the observable red-
oxome and suggests a change in functional paradigm from a
small set of conserved switches to a much larger, adaptable
and cell type specific system. Our data set provides a basis
for greatly expanded exploration of the complex networks
controlled by H,O,-induced redox sensing, transduction and
cellular adaptive responses. Recent advances in chemopro-
teomic strategy include the development of novel chemical
probes for in vivo and/or organelle-specific labeling of thiol
redox proteome (75, 76), as well as advances in mass
spectrometry-based proteomics to increase sensitivity and
throughput for analyzing probe-modified peptides. We fore-
see this strategy being used to further explore the dynamics
of reactive thiol proteomes in numerous physiological and
pathophysiological contexts.
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