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Targeted Quantitation of Site-Specific Cysteine
Oxidation in Endogenous Proteins Using a
Differential Alkylation and Multiple Reaction
Monitoring Mass Spectrometry Approachs

Jason M. Heldt§, Steven R. Danielsong, Jessica B. Behringf, Christian Atsrikut],
David J. Brittont|, Rachel L. Puckettt, Birgit Schillingt, Judith Campisit**tt,

Christopher C. Benzt**t$, and Bradford W.

Reactive oxygen species (ROS) are both physiological
intermediates in cellular signaling and mediators of oxi-
dative stress. The cysteine-specific redox-sensitivity of
proteins can shed light on how ROS are regulated and
function, but low sensitivity has limited quantification of
the redox state of many fundamental cellular regulators in
a cellular context. Here we describe a highly sensitive and
reproducible oxidation analysis approach (OxMRM) that
combines protein purification, differential alkylation with
stable isotopes, and multiple reaction monitoring mass
spectrometry that can be applied in a targeted manner to
virtually any cysteine or protein. Using this approach, we
quantified the site-specific cysteine oxidation status of
endogenous p53 for the first time and found that Cys182
at the dimerization interface of the DNA binding domain is
particularly susceptible to diamide oxidation intracellu-
larly. OXMRM enables analysis of sulfinic and sulfonic
acid oxidation levels, which we validate by assessing the
oxidation of the catalytic Cys215 of protein tyrosine phos-
phatase-1B under numerous oxidant conditions. OxXMRM
also complements unbiased redox proteomics discovery
studies as a verification tool through its high sensitivity,
accuracy, precision, and throughput. Molecular & Cel-
lular Proteomics 9:1400-1410, 2010.

Oxidation of cysteine residues plays a critical role in mod-
ifying the structure and function of many proteins. Although
cysteine oxidation is a tightly regulated biological process,
nonenzymatic processes can contribute substantially to its
levels, such as during oxidative stress. Regulatory oxidation
states such as disulfide bonding and S-nitrosylation are
readily modulated (1) and play an essential role in many phys-
iological processes, including cell cycle, growth, death, and
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differentiation (2). In contrast, prolonged accumulation of re-
active oxygen species is associated with many pathological
conditions and leads to stable overoxidized states (sulfinic
and sulfonic acid) that may disrupt redox regulation and pro-
tein function (3) and, in most cases, are thought to be
nonregenerative.

Assays capable of comprehensively assessing the dynamic
changes in site-specific oxidation states are especially critical
to understanding the contribution of redox status to many
diseases. Numerous redox-sensitive proteins, including es-
sential cellular regulators such as p53, have been described
previously (for review, see ref. 4). However, technical factors
have hampered the identification of specific site(s) of modifi-
cation and characterization of their redox status in cells. Site-
directed mutagenesis is often employed to determine whether
specific cysteines have redox-regulated functional roles (1),
but this approach provides no information on the oxidation
status of the endogenous protein. In addition, cysteine oxida-
tion is dynamically dependent on the concentration, location,
and specificity of small-molecule oxidants (5) and regulators
of various antioxidant enzymes (6). Thiol pKa (7), solvent
accessibility, and subcellular compartment (8, 9) also contrib-
ute to the dynamics of cysteine oxidation. Because the inter-
face between chronic oxidative stress and disruption of es-
sential cellular signaling has substantial biological relevance
to disease and age-related pathological conditions (10-13),
there is a strong need to develop sensitive and flexible assays
capable of quantifying dynamic changes in the redox status of
specific endogenous proteins.

Direct analysis of most regulatory cysteine modifications is
not suitable for robust quantitation because the modifications
tend to be labile and susceptible to artifactual changes. Ac-
curate preservation of the thiol oxidation state is commonly
achieved with a three-step differential alkylation labeling strat-
egy in which nonoxidized cysteines are 1) labeled with a tag,
2) chemically reduced, and 3) labeled with a distinguishing
tag. The value of this process is that it replaces the labile
oxidation-modified cysteines with highly stable alkylated
forms (1). Differential alkylation specifically targets cysteine
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oxidation species that are susceptible to reaction with chem-
ical reductants (DTT or TCEP') because higher oxidation
states such as sulfinic and sulfonic acid are chemically irre-
versible. Fluorescent or epitope tags have been employed to
evaluate redox sensitivity at the protein level (14, 15); how-
ever, combining differential alkylation using stable isotope-
labeled reagents with mass spectrometry simultaneously
identifies the specifically oxidized site and quantifies its re-
versible oxidation status. Although labeled iodoacetic acid
(16) and N-ethylmaleimide (17) (NEM) have often been used,
commercial ICAT reagents have become the preferred stable
isotope label for redox analysis (18-21). A recent ICAT-based
study identified and quantified the reversible oxidation of 120
redox-sensitive cysteines in Escherichia coli in an unbiased
manner (18). However, because of the limited sensitivity, dy-
namic range, number of testable conditions, and stochastic
sampling inherent in unbiased proteomics experiments, this
approach has limited utility for interrogating targeted moder-
ate- to low-abundance proteins or comprehensively charac-
terizing multiple cysteines within a single protein. The use of
an ICAT-based approach for targeted analysis of specific
proteins is significantly limited by both the difficulty in scaling
down the ICAT protocol and the disruption of protein structure
that occurs after alkylation with numerous ICAT adducts, each
over a kilodalton in size, which may occlude antibody
epitopes useful for immunoaffinity enrichment.

To overcome these limitations, we developed a highly sen-
sitive method, OxMRM, that integrates protein purification,
differential alkylation using a generic d; stable isotope-labeled
NEM, and multiple reaction monitoring (MRM). OxMRM can
quantify the oxidation status, both reversible and irreversible,
of virtually any targeted cysteine or protein, even if in low
abundance. We validate the OxMRM approach using the
low-abundance tumor suppressor protein p53 and an es-
tablished overoxidizable signaling regulator, protein tyrosine
phosphatase-1B (PTP1B) (22, 23). These proteins serve as
benchmark examples of nuclear and cytoplasmic redox-regu-
lated proteins bearing reversibly and irreversibly oxidized cys-
teines. The flexibility of the OXMRM method allows it to be
applied to essentially any protein or cysteine of interest with
equal ease, allowing in-depth, site-specific analysis of putative
and established redox-sensitive proteins. This makes OxMRM
an ideal complement to large-scale redox proteomics studies as
a verification tool with high sensitivity, precision, accuracy, and
capacity to assess numerous oxidation conditions.

EXPERIMENTAL PROCEDURES

Materials—All chemicals and HPLC-grade solvents were pur-
chased from Sigma, except for those listed below, and were of the
highest grade available. ds; NEM was from Cambridge Isotope Lab-

" The abbreviations used are: TCEP, tris(2-carboxyethyl)phosphine;
NEM, N-ethylmaleimide; ICAT, isotope coded affinity tag; MRM, multi-
ple reaction monitoring; PTP1B, protein tyrosine phosphatase-1B.

oratories (Andover, MA); anti-p53 antibodies FL-393 and DO-1 were
from Santa Cruz Biotechnology (Santa Cruz, CA); anti-PTP1B (FG-6)
antibody was from Abcam (Cambridge, MA); anti-PTP Cys215 sul-
fonic acid oxidized antibody was from R&D Systems (Minneapolis,
MN); protein G-Sepharose was from GE Healthcare (Waukesha, WI);
Econopak 10DG (packed with 10 ml of Bio-Gel P-6) columns were
from Bio-Rad Laboratories; and sequencing-grade modified trypsin
was from Promega (Madison, WI).

Cell Lysis, Acid Trapping, and Differential Alkylation—Both MCF7
and HCA2 cells were passaged in 20% O, conditions (10% CO,, 70%
N,) and transferred to 3% O, (10% CO,, 87% N,) conditions for 3-4
days before treatment or lysis. Cells were not serum-starved. Once
the 15-cm plates of cells reached 80-90% confluence, the media
were removed and cells were quickly washed once with room-tem-
perature PBS. One 15-cm plate of MCF7 cells typically had 6 X 107
cells and one plate of HCA2 cells had 6 x 10° cells. To culture
biological replicates, several T75 flasks of cells were grown, split into
separate plates, and treated independently from then on. 1.5 ml of
ice-cold 20% (v/v) TCA was added to the cells and quickly spread to
cover the entire plate followed by incubation for at least 20 min at
4 °C. Cells were scraped into a microcentrifuge tube and washed with
10 and 5% ice-cold TCA one time, and care was taken to break up the
pellet each time. Samples were resuspended in 900 ul of d; TUNES
buffer (200 mm Tris pH 7.0, 8 m urea, 100 mm dy, NEM, 10 mm EDTA,
and 2% SDS). Samples were sonicated on ice to resuspend the
protein pellet and incubated at 50 °C for 30 min at 1000 rpm on a
shaker/incubator. The reaction was stopped and proteins were repre-
cipitated by bringing the sample to 20% TCA and then washing once
with 10% TCA and twice with 5% TCA to remove the d, NEM.
Samples were then reduced by resuspension in TUNES buffer without
NEM but with 5.5 mm TCEP, sonicated, and incubated at 50 °C for 30
min while shaking at 1200 rpm. To complete the differential alkylation,
15 ul of 100 mm ds NEM was added and samples were incubated at
50 °C for 30 min at 1200 rpm. At this point samples proceeded to
immunoaffinity purification or were frozen at —80 °C.

Protein Immunoaffinity Purification and Proteolysis —Before immu-
noaffinity purification, samples were brought to 3 ml with water and
desalted using a Bio-Gel P-6 column according to manufacturer’s
instructions and eluted with 4 ml of H,O. For the immunoaffinity
purification, samples from a 15-cm plate were diluted into 12 ml of
0.1% SDS, 0.5% (w/v) sodium deoxycholic acid, 20 mm Tris, pH 7.0,
and 100 ml of NaCl. Samples were precleared overnight with 15 ul of
protein G-Sepharose. For p53, 15 ul each of 200 ng/ul FL-393 and
DO-1 antibodies were incubated for >4 h, followed by addition of 10
wul of protein G-Sepharose overnight. For PTP1B, 30 ul of 100 pwg/ml
FG-6 antibody was added as above.

After purification, samples were placed into a siliconized tube and
washed twice with ice-cold PBS + 1% (v/v) Nonidet P-40. Samples
were then washed once with ice-cold 100 mm Tris, pH 7.0, and three
times with ice-cold 50 mm ammonium bicarbonate. For trypsin pro-
teolysis, 320 ul of 12.5% (v/v) acetonitrile with 150 ng of trypsin were
added to each sample and incubated overnight at 37 °C, 1200 rpm.
Samples were removed, concentrated, and used for LC-MRM/MS
analysis.

LC-MRM/MS — Samples were analyzed by nano-LC-MRM/MS on a
4000 QTRAP hybrid triple quadrupole/linear ion trap mass spectrom-
eter (Applied Biosystems, Foster City, CA). Chromatography was
performed using a NanoLC-2D LC system (Eksigent, Dublin, CA) with
buffer A (0.1% (v/v) formic acid) and buffer B (90% (v/v) acetonitrile in
0.1% formic acid). Digests were loaded at 20 wl/min (0.1% formic
acid) onto a 5 mm X 300 um reversed-phase C18 trap column (5 um,
100 A; Dionex, Sunnyvale, CA) and eluted at 300 nL/min with a 75-um
inner diameter Integrafrit analytical column (New Objective, Woburn,
MA) packed in-house with 10-12 cm of ReproSil-Pur C18-AQ 3 um
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reversed-phase resin (Dr. Maisch GmbH, Ammerbuch-Entringen,
Germany) with a gradient of 2-70% buffer B over 32 min. To detect
the hydrophilic p53 peptide CPHHER corresponding to Cys176, the
trap column was bypassed, and the sample was directly loaded onto
the analytical column. Peptides were ionized using a PicoTip emitter
(75 wm, 15 um tip; New Objective). Data acquisition was performed
using Analyst 1.5 with an ion spray voltage of 2450 V, curtain gas of
10 psi, nebulizer gas of 20 p.s.i., and an interface heater temperature
of 150°C. Collision energy, declustering potential, and collision cell
exit potential were optimized using recombinant p53 and PTP1B for
maximum sensitivity and listed in supplemental Table 1. MRM tran-
sitions were monitored and acquired at unit resolution in both the first
and third quadrupoles (Q1 and Q3). Multiquant version 1.1 (Applied
Biosystems/MDS Analytical Technologies) was used to process all
MRM data. Each transition was individually integrated to generate
peak areas. If a peak was not detected, the level of background was
integrated.

LC-MS/MS Identification of p53 and PTP1B Peptides and Post-
translational Modifications—Samples were analyzed by nano-LC-
MS/MS on a 4000 QTRAP hybrid triple quadrupole/linear ion trap
mass spectrometer (AB Sciex) as described under “LC-MRM/MS.”
MS/MS spectra were collected in the linear ion trap mode with a mass
range of 100-1400 using Q, trapping. Often, as in Fig. 4, experiments
were designed in which MRM transitions were used to trigger MS/MS
data acquisition to detect specific oxidized peptides at low levels.
Identification of peptides and post-translational modifications was
also performed on samples using a nano-HPLC-ESI Q-TOF mass
spectrometer (QSTAR Elite; AB Sciex). Chromatographic separation
of peptides was carried out using an Eksigent nano-LC 2D HPLC
system that was directly connected to the QSTAR Elite mass spec-
trometer. Peptide mixtures were loaded onto a guard column (C18
Acclaim PepMap100, 300 um inner diameter X 5 mm, 5-um particle
size, 100-A pore size; Dionex) and washed with the loading solvent
(0.1% formic acid, 98% H,O, and 2% acetonitrile; flow rate, 20
wl/min) for 10 min. Subsequently, samples were transferred onto the
analytical C18-nanocapillary HPLC column (C18 Acclaim Pep-
Map100; 300-um inner diameter X 15 cm, 3-um particle size, 100-A
pore size; Dionex) and eluted at a flow rate of 300 nL/min using a
60-min gradient. Mass spectra (ESI-MS) and tandem mass spectra
(ESI-MS/MS) were recorded in positive-ion mode with a resolution of
12,000-15,000 full-width half-maximum. The peaklist generating
software was Analyst Mascot.dll v1.6b23 (Applied Biosystems), and
the search engine used was Mascot Version 2.1.0 (Matrix Science
Inc., Boston, MA). The database searched was SwissProt 57.12
(513877 entries). The search parameters were as follows. The enzyme
specificity was trypsin with one missed cleavage permitted; variable
modifications included oxidation of methionine as well as NEM, di-
oxidation, or trioxidation of cysteine. The mass tolerance for data for
precursor ions for the QTRAP was set at 0.6 Da, and the mass
tolerance for fragment ions was 0.4 Da. For the QSTAR, both the
precursor and fragment ion mass tolerance was set at 0.4 Da. The
maximum expectation value for accepting individual MS/MS spectra
was 0.05 when searched against the SwissProt database (Table 1),
except for the peptide CPHHER, which is hand-annotated in
supplemental Fig. 1 with detail assignment criteria addressed.

Pro-oxidant Treatment Conditions—MCF7 cells were grown in
15-cm plates at 3% O, without serum starvation. Treatments were as
follows: N,N’-dimethyl-4,4'-bipyridinium dichloride (Paraquat): 1.2
mwm, 20 h; N-acetylcysteine: 5 mm, 30 min; rotenone: 32 uMm, 2 h;
TNFa: 10 ng/ml, 15 min; glutathione ethyl ester: 100 um, 30 min;
pyrrolidine dithiocarbamate: 75 um, 2 h; and S-nitroso-N-acetyl-pen-
icillamine: 500 um, 1 h. All hydrogen peroxide (H,O,) treatments were
for 10 min, and diamide treatments were for 15 min at the concen-
trations indicated in Figure 5. DNA damage was induced by 500 ng/ml

doxorubicin for 24 h. Plates were washed with PBS and lysed as
above.

Oxidation of Recombinant p53—Recombinant p53 protein was
diluted in Tris buffer (10 mm, pH 7.0) and 10 mm EDTA. 10 um TCEP
was added to reduce the level of background oxidation that occurs
during purification and storage. Oxidants were added as described in
supplementary Fig. 8. For differential alkylation, ds NEM was added at
final concentration of 5 mm, quenched by adding cysteine to 40 mm,
reduced with 25 mm TCEP, and brought to 50 mm dy NEM, with each
step incubated for 30 min at room temperature. d, NEM was
quenched with excess cysteine before in-solution trypsin digestion
overnight at 37 °C, and proteolysis was stopped by addition of formic
acid.

Immunoblot Analysis of Sulfonic Acid Oxidized PTP1B Cys215—
Cells were grown in 3% O, as above, washed once with room
temperature PBS, and lysed in TUNES buffer plus 5.5 mm TCEP.
Samples were sonicated twice and incubated at 50 °C for 30 min
during shaking at 1200 rpm. The total lysate was immunoblotted for
sulfonic acid-oxidized PTP1B (1:200; anti-PTP active site sulfonic
acid-oxidized antibody) or total PTP1B levels (1:1000; anti-PTP1B).

RESULTS

Method Overview—Cysteine oxidation analysis is suscep-
tible to artifacts during sample preparation (24). To minimize
such artifacts, cells were lysed in TCA, the most rapid method
to quench cellular redox reactions (rate constant = 10°
s "m™ ") (25). To maximize the kinetics of alkylation and re-
duce artifacts during resuspension at neutral pH for the initial
alkylation of free thiols, we used unlabeled (d,) NEM, a faster
and more cysteine-specific reagent than iodoacetamide-
based reagents such as ICAT (25). Alkylation was performed
in highly denaturing conditions (8 m urea, 2% (w/v) SDS) to
maximize solvent accessibility and labeling of all cysteines.
Subsequently, differential alkylation was carried out with a
chemically equivalent, stable isotope version of NEM with 5
deuteriums (ds), which is widely commercially available and
allows calculation of the absolute ratio of the reduced to
oxidized forms of each cysteine within a single sample (Fig.
1a). Thus, the percentage reversible oxidation, rather than fold
change, can be calculated (18). However, very high levels of
irreversible oxidation of the cysteine may lead to an overes-
timation of this percentage because a substantial amount of
the cysteine will not be differentially alkylated.

Quantitation of cysteine oxidation in low-abundance pro-
teins pose both sensitivity and dynamic range challenges that
can be addressed by MRM. MRM analysis has unparalleled
sensitivity for targeted analysis, offering quantitation with a
dynamic range of 5-6 orders of magnitude and the capability
to detect proteins with as few as 50 copies per cell (26). To
analyze a low-abundance target protein such as p53, which
has a half-life of 6-30 min (27), protein purification (via immu-
noaffinity purification, epitope tagging, or other means) allows
for maximum sensitivity (Fig. 1a). After the differentially alky-
lated protein is purified, the protein is enzymatically proteo-
lyzed and the resulting peptides are subjected to LC-MS/
MRM analysis. We used direct proteolysis of the target protein
while attached to protein G-Sepharose to limit the loss of
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Fic. 1. Summary of the OXMRM method that integrates differ-
ential thiol alkylation, protein purification, and MRM analysis. a,
cellular redox reactions are first quenched by TCA lysis, which pro-
tonates the highly reactive thiolate anions. Nonoxidized (green) cys-
teines are differentiated from reducibly oxidized (yellow) cysteines by
differential alkylation using an unlabeled (d,, red) and stable isotope-
labeled version (ds, blue) of NEM. The protein of interest is then
affinity-purified and proteolyzed before MRM analysis. b, a triple-
quadrupole mass spectrometer can isolate a narrow m/z region in Q1
corresponding to a precursor ion of interest, fragment the peptide
using collisionally activated dissociation (CAD) in Q2, and transfer
ions within a different m/z region corresponding to a known fragment
ion in Q3. MRM rapidly scans through unique Q1/Q3 transitions for
each peptide serially and can differentiate the d, and ds NEM-alky-
lated peptides. Representative chromatograms depicting the relative
levels of d, and ds NEM-alkylated peptide under no, limited, and high
oxidation states are shown.

sample and minimize oxidation artifacts that can occur during
gel electrophoresis. MRM can differentially quantitate d, and
ds NEM-alkylated peptides (Fig. 1b) by integrating the area of
each chromatographic peak and calculating the percentage
oxidation. Example chromatograms for no, limited, and high
oxidation are shown in Fig. 1b. The overlap of the chromato-
grams for the dy and d; NEM-alkylated peptides is greater
than 95%, arguing against any substantial matrix effects
(supplemental Fig. 2). Tryptic digestion of p53 and PTP1B
both generate a peptide containing two cysteines (Table I).
OxMRM is unique in that it can differentiate the oxidation
status of individual cysteines when two are present in the
same peptide (supplemental Fig. 3).

We were able to monitor the intracellular oxidation status of
7 of 10 cysteines in p53 and 8 of 10 cysteines in PTP1B after
tryptic digestion (Table I). Although almost all of the previous
mass spectrometry studies on these proteins have been per-

formed on recombinant (18, 19, 28-30) or overexpressed (21)
proteins (Table ), the improved sensitivity of OXMRM allows
for a greater depth of coverage and the ability to analyze even
low-abundance endogenous proteins such as these at their
native concentration levels. However, 3 of 10 cysteines in p53
and 2 of 10 cysteines in PTP1B were not covered in this
analysis. This lack of coverage occurred because trypsin pro-
duced cysteine-containing peptides in both p53 and PTP1B
that were not readily amenable to MS analysis as a result of
their large size (>30 amino acids).

Sensitivity of Oxidation Analysis by OxMRM—To estimate
OxMRM detection limits for each p53 peptide, we assessed a
dilution series using known quantities of recombinant protein.
The starting amount of protein was verified by comparing the
one-dimensional-SDS-PAGE gel-staining intensity of the p53
band with that of standard proteins loaded at known concen-
tration (supplemental Fig. 4). Each concentration in the stan-
dard curve was coinjected with 500 ng of tryptic peptides from
yeast, which lacks p53, as a matrix. The results demonstrate
that MRM analysis has a linear response into the attomole
range with high correlation coefficients (Fig. 2a and sup-
plemental Fig. 5), which is typical for peptide MRM assays (26,
31). To assess technical reproducibility and percentage coef-
ficient of variation, samples were analyzed in triplicate. The
results showed that acceptable coefficients of variation under
20% (32) can be achieved at the level of ~1 fmol for all
peptides but one (Fig. 2b).

Oxidation Analysis of Endogenous p53 and PTP1B—To
assess the ability of OXMRM to measure intracellular oxida-
tion of p53 and PTP1B, MCF7 (human breast cancer) cells
(one 15-cm plate per condition) were treated with the thiol-
specific oxidant diamide and differentially alkylated with d,
and ds; NEM. p53 and PTP1B were then serially immunoaffin-
ity-purified and analyzed by MRM. Representative examples
of p53 and PTP1B cysteines with low, moderate, and high
susceptibility to diamide oxidation are shown in Fig. 3; data
for all cysteines is shown in supplemental Fig. 6. For each
peptide, similar levels of oxidation were determined by dis-
tinct MRM transitions, demonstrating the capacity of OxXMRM
to measure even low-abundance endogenous proteins with
precision. p53 is even less abundant in primary human fibro-
blasts such as HCA2 cells. In these cells, the OxMRM ap-
proach also quantified oxidation of seven cysteines in p53
(using two 15-cm plates per condition), revealing a very sim-
ilar overall diamide oxidation susceptibility profile (supple-
mental Fig. 7). Within cells, Cys182 is most susceptible to
diamide oxidation of all p53 cysteines tested. Previous stud-
ies have hypothesized that, because Cys182 lies at the dimer-
dimer interface of the p53 tetramer (33), oxidation of this
residue may affect DNA binding (34).

OxMRM Analysis of Irreversible Oxidation—OxMRM allows
quantitation of irreversible oxidation, because sulfinic and
sulfonic acid-modified cysteines are stable during sample
preparation and can be directly detected by MRM. Most
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TABLE |
OxMRM analysis of 15 total cysteines from p53 and PTP1B
Table of the peptides and cysteines in endogenous p53 and PTP1B analyzed by OxMRM. The charge state and MRM transitions measured
for each peptide are listed. Oxidation of specific cysteines in p53 and PTP1B that have been previously characterized by mass spectrometry
are summarized, with the source being recombinant protein unless indicated by an #. For MH™, cysteines alkylated with d, NEM are shown.

Protein Peptide Cys MH™* (mono) Charge lon type Oxidation Reference

p53 SVTCTYSPALNK 124 1408.7 2 Y&:Yo GSH adduct (42)

p53 MFCQLAK 135 965.5 2 Ye,Ys

p53 TCPVQLWVDSTPPPGTR 141 1979.0 2 YeYo GSH adduct, DTT reversible oxidation (40, 42)

p53 CPHHER 176 903.4 2 YaYs

p53 CSDSDGLAPPQHLIR 182 1733.8 2 Y7,.Ys GSH adduct (42)

p53 VCACPGR 275/277 955.4 2 YaYs

p53 HEASDFPCR 32 1186.5 3 bs,ys SNO adduct (29)

PTP1B SYILTQGPLPNTCGHFWEMVWEQK 91 2012.0 3 V152 Y1727 SNO adduct (29)

PTP1B CcAQYWPQK 121 1148.5 2 bs,Ys

PTP1B CAQYWPQKEEK 121 1534.7 2 VARYA

PTP1B ESGSLSPEHGPVVVHCSAGIGR 215 2300.1 3 Ya,Yo SNO/GSH Adduct, Sulfinic*/ (29, 48, 49, 50) (35)*
sulfonic* acid

PTP1B SGTFCLADTCLLLMDKR 226/231 2137.0 3 Y11.Y10

PTP1B CREFFPNHQWVK 324 1715.8 3 bs,b,

PTP1B DCPIKEEK 343 1086.5 3 Vo2 Ya

differential alkylation approaches, such as ICAT, use an
epitope tag to enrich for alkylated cysteines and cannot
measure irreversible oxidation. With OxMRM, affinity purifica-
tion of the target protein does not require cysteine alkylation
and therefore has the unique potential to detect both essen-
tial, regulated oxidation and chronic oxidation in disease pro-
cesses. To explore the well documented irreversible oxidation
of PTP1B Cys215 (22, 29, 35) using OXMRM, we treated cells
with hydrogen peroxide (H,O,) and collected MS/MS data for
the sulfinic and sulfonic acid-modified peptide (Fig. 4a and
Table ll). These spectra showed the characteristic increase in
intensity for the y fragment ion (yg) C-terminal to the sulfinic
and sulfonic acid modified cysteine (36). This is especially true
for the sulfinic acid-modified peptide, as has been observed,
and the limited number of fragment ions produced can lead to
decreased expectation scores when searching these modified
peptides using search algorithms. MRM transitions to the yg
ion determined that the sulfonic and sulfinic acid-modified
peptides elute ~1.5 min earlier than the NEM-alkylated spe-
cies (Fig. 4b). Using OXMRM, we quantified PTP1B Cys215
reversible oxidation, as well as both sulfinic and sulfonic acid
modifications, of intracellular PTP1B Cys215 in MCF7 cells
across a range of H,O, concentrations. As with diamide ox-
idation, reversible oxidation of Cys215 increased only slightly
(Fig. 4c). Because the sulfinic and sulfonic acid-modified
Cys215 peptides are not chemically equivalent to the NEM-
modified forms, it is not possible to compare the absolute
levels of irreversible and reversible oxidation. However, com-
paring the relative levels of irreversible oxidation and the
nonoxidized peptide determines the fold change under differ-
ent conditions. The induction of PTP1B Cys215 sulfinic and
sulfonic acid across H,O, concentrations is shown in Fig. 4d.
Both are markedly increased relative to control, as reported
previously using a mass spectrometry based approach (29).
The fold increase in PTP1B Cys215 sulfonic acid was deter-

mined by Western blot by normalizing the signal intensity from
a commercially available antibody (29) generated against sul-
fonic acid modified Cys215 to total PTP1B protein levels (Fig.
4e). The fold increase determined by OxMRM was larger than
that seen on the immunoblot, possibly because of OxXMRM
normalization to the unmodified PTP1B Cys215-containing
peptide. If a large percentage of the cysteine becomes oxi-
dized, ratio expansion can possibly result. Alternatively, the
improved signal to noise of the OxMRM data may more ac-
curately reflect the increase. Unlike specific antibodies, how-
ever, OXMRM is capable of multiplexed quantitation of essen-
tially any cysteine.

Multiplexed Quantitation of Redox Regulation As a Result of
Diverse Pro-oxidant Conditions—We expanded our redox
analysis of p53 and PTP1B by OxXMRM beyond diamide and
H,0, to assess how a range of physiological and exoge-
nous oxidants (DNA damage, paraquat, rotenone, and oth-
ers) affect oxidation of these two proteins in MCF7 cells.
The modified heat map in Fig. 5 shows the multiplexed
analysis of cysteines under a variety of experimental con-
ditions (see “Materials and Methods”). When only a small
amount of the oxidized protein was present and not de-
tected, the theoretical maximum percentage oxidation was
estimated by the ratio of the area of the unmodified peptide
to the baseline level of the reversibly oxidized transition.
This determines the maximum threshold level of oxidized
peptide that could be present but not detected and is
represented by a > sign.

To generate and optimize MRM transitions to the irrevers-
ible oxidation of all the cysteines in p53 and PTP1B for Fig. 5,
we treated recombinant p53 and PTP1B with H,O, and col-
lected MS/MS spectra for peptides containing irreversibly
oxidized cysteines. These modified peptides generally elute
slightly earlier than the NEM-alkylated forms as seen for
PTP1B Cys215 (Fig. 4b), and their MS/MS spectra typically
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Fic. 2. Sensitivity and reproducibility of OxXMRM analysis of p53.
MS/MS spectra were collected for each NEM-alkylated peptide and
the optimal precursor charge state, fragment ions, collision energy,
and declustering potential were determined for MRM analysis. Dwell
times for each transition were adjusted to have an equal detection
limit for all peptides or scheduled based on retention time. a, known
quantities of trypsin-digested recombinant p53 (d, NEM-alkylated)
were used to generate a calibration curve from 120 amol to 30 fmol.
The regression line for several individual MRM transitions are shown
and demonstrate that the linear range extends to the attomole level.
Correlation coefficients (R? value) for each line are listed. Error bars
represent the S.D. from three technical replicates. “Cys275/277” rep-
resents the single peptide that includes both Cys275 and 277. b,
percentage coefficient of variation (%CV) for all p53 transitions in the
calibration curve. %CVs above 20% are shaded. A dashed line indi-
cates that no peak was detected for the transition. The full transition
list is detailed in supplemental Table 1.

have similar relative fragment ion abundance ratios with an
enhancement of the y ion C-terminal to the cysteine (Fig. 4a).
To obtain a comprehensive set of MRM transitions to irrevers-
ibly oxidized cysteine peptides that were not detected, we
constructed hypothetical MRM transitions based on predicted
abundant fragment ions from the unmodified peptide MS/MS
spectra. The full transitions list is detailed in supple-
mental Table 1. However, other than the irreversible oxidation
of Cys215, we did not detect intracellular overoxidation of any
additional cysteines in the samples analyzed, including those
oxidized by 10 mm H,0.,.

We demonstrate that endogenous oxidation from Adriamy-
cin-induced DNA damage is sufficient to increase both sulfinic
and sulfonic acid oxidation of PTP1B Cys215 by 2.0- and
1.8-fold, respectively. We also show that nitrosylation (gener-
ated by S-nitroso-N-acetyl-penicillamine) abrogates the irre-
versible oxidation, supporting previous results (29). However,
in contrast to the previous study, which examined pretreat-
ment of PTP1B Cys215 with NO before H,0, treatment, we
find that a 1-h pulse of nitrosylation may abrogate irreversible
oxidation of PTP1B Cys215 generated during a long period of
Adriamycin-induced DNA damage.

DISCUSSION

Quantitative oxidation analysis of specific cysteines in tar-
geted, moderate- to low-abundance proteins in cells poses a
significant analytical challenge. Unbiased proteomics-based
approaches such as ICAT have identified and quantified nu-
merous oxidized cysteines (18-20, 28, 37), but the limited
dynamic range, sensitivity, and difficulty in scaling down the
protocol make it suitable for targeted analysis of only the most
abundant proteins. As such, all studies of which we are aware
that apply ICAT analysis to distinct cellular proteins have
relied on either recombinant proteins (18, 19, 28-30) or pro-
tein overexpression systems (21). Both approaches require
labor-intensive preparations and may not recapitulate the sta-
tus of the protein in cells under physiological conditions. The
capability to measure proteins at endogenous levels elimi-
nates a significant barrier to the characterization of novel or
putative redox-sensitive proteins. The increased sensitivity of
MRM analysis also permits comprehensive evaluation of as
many cysteines as possible within a targeted protein, which
depends on the reproducible detection of peptides that do not
ionize with high efficiency.

Comprehensive quantitation of sulfinic acid, sulfonic acid,
and reversible oxidation of 8 cysteines in endogenous PTP1B
(Fig. 5) allowed us to compare the effects of various condi-
tions that create oxidative stress, such as DNA damage and
exposure to paraquat, rotenone, TNFa and others. Physiolog-
ically relevant responses to these manipulations can be as-
sessed only by examining the effect on a protein of interest
within living cells. Most treatments caused little change, other
than irreversible oxidation of Cys215. However, distinct pro-
oxidants affected the relative levels of Cys215 sulfinic versus
sulfonic acid differentially and may play an important role in
PTP1B regulation (Fig. 5). A recent study of PTP1B found that
pretreatment with an NO donor dramatically decreased irre-
versible oxidation of Cys215 by H,O,, providing a key insight
into the chemical balance between reversible and irreversible
cysteine oxidation (29). Using OxMRM, we show that this
holds true for intracellular DNA damage-induced irreversible
Cys215 oxidation. However, our data suggest that subse-
quent NO treatment may be sufficient to abrogate irreversible
oxidation levels as well though further investigation is war-
ranted (Fig. 5).
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Fic. 3. Intracellular oxidation of endogenous p53 and PTP1B. To determine the susceptibility of p53 and PTP1B cysteines to intracellular
oxidation, MCF7 cells cultured under normoxic conditions (3% O,) were treated with varying doses of diamide for 15 min. The percentage
oxidation of three p53 and PTP1B cysteines are shown that represent slight, moderate, and high diamide sensitivity. The error bars represent
the S.D. of three biological replicates (a single 15-cm plate of cells each), and the percentage oxidation is shown for two MRM transitions per

peptide. The full transition list is detailed in supplemental Table 1.

More than 15 years ago, p53 was suggested to be a redox-
sensitive protein (38). Subsequently, oxidant-dependent
changes in sequence-specific DNA binding (39, 40) and pro-
tein-protein interactions (41) were reported. Studies examin-
ing the nature of the oxidative modifications however, were
confined to recombinant protein tested in vitro (40, 42). Little
is known about the oxidation of intracellular p53, including
which cysteines are affected and the conditions under which
they are oxidized. This gap in our knowledge is due in large
measure to the fact that endogenous levels of p53 are below
the detection limits of current unbiased quantitative mass
spectrometry-based assays. The use of site-directed mu-
tagenesis to examine redox regulation of p53 is confounded
by the fact that most cysteines in p53 are required for main-
taining the essential folded structure of the protein (43), im-
posing a serious limitation to interpreting these studies. We
demonstrate the sensitivity of the OXxMRM approach by reli-
ably detecting 7 of the 10 cysteines of p53 from both primary
fibroblasts (supplemental Fig. 6) and an epithelial cancer cell
line (Fig. 3) at endogenous levels. Furthermore, OxMRM quan-
tified the oxidation of 8 of 10 cysteines in PTP1B in the cancer
cell line, whereas a recent study using the ICAT reagent to
quantify recombinant PTP1B reported oxidation of only three
cysteines (29). In our study, the low variance between biolog-
ical replicates in the diamide and H,O, data sets (Figs. 3 and
4) demonstrates the reproducibility achievable throughout the
entire OXMRM procedure. However, although within-batch

oxidation is closely correlated, variation in oxidation levels
between batches can occur (see Fig. 5 controls) and is prob-
ably due to variability in cell density or passage number.
Although oxidant treatment of isolated p53 can lead to
dramatic reversible (supplemental Fig. 8) and irreversible ox-
idation, only diamide leads to a robust increase in oxidation of
the measurable cysteines in endogenous p53 (Fig. 5). It is
noteworthy that diamide oxidizes via a nonradical mecha-
nism. Pyrrolidine dithiocarbamate was reported to oxidize a
small fraction of p53 (44), which we did not observe. More-
over, no irreversibly oxidized endogenous p53 cysteines were
detected even after 10 mm H,O, treatment. These observa-
tions suggest that rapid protein synthesis and degradation,
intracellular compartmentalization (45), interaction with other
proteins, and/or antioxidant activities may work in concert to
protect p53 and minimize specific types of oxidation. Diamide
oxidation of endogenous p53 was highly selective for Cys182
(Fig. 3), but its effects on recombinant p53 were relatively
nonspecific (supplemental Fig. 8). This finding emphasizes the
importance of intracellular factors in regulating oxidation of
endogenous proteins, an important consideration for future
studies into the redox sensitivity of any isolated protein. Our
finding that intracellular p53 is insensitive to a wide variety of
oxidant conditions in cells contrasts the conclusion that p53 is
redox-sensitive, which was based on evidence from the use
of isolated protein under in vitro conditions. The increased
PTP1B oxidation observed under identical cell conditions
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Fic. 4. Quantitation of irreversible oxidation of endogenous PTP1B Cys215 by H,0,. a, MS/MS spectra of the MH,%* (m/z 767.4) d,
NEM-alkylated peptide ESGSLSPEHGPVVVHCSAGIGR, which includes PTP1B Cys215 (in bold). The MS/MS spectra of the MH;3* precursor
ions for sulfinic acid (m/z 736.4) and sulfonic acid (m/z 741.7)-modified peptides, which were generated from tryptic digestion of PTP1B isolated
from MCF7 cells, are also shown. b, the relative retention of each species in LC-MS/MRM analysis. ¢, OXMRM analysis of the reversible
oxidation of PTP1B Cys215 in response to exogenous H,O, oxidation. d, H,O, increases the level of sulfinic and sulfonic acid-modified PTP1B
Cys215 in a dose-dependent manner when normalized to the level of nonoxidized (d, NEM) peptide. e, the relative increase of PTP1B Cys215
sulfonic acid oxidation (normalized to total PTP1B levels) after H,O, treatment using an established antibody. In all cases, error bars represent

the S.D. of three biological replicates.

confirm that the treatments did increase intracellular pro-
oxidant levels (Fig. 5); in addition, the robust increase in
diamide oxidation supports the conclusion that reversible in-
tracellular oxidation is preserved during sample preparation.

Moreover, to verify that even potentially labile S-nitrosylation
oxidation (46) was stable throughout our procedure, samples
were spiked with nitrosylated recombinant p53 at different
points during the protocol, from the initial TCA lysis through
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TaBLE Il
Modified peptides identified from tryptic digestion of PTP1B representing each post-translational modification detected to Cys215

C(O,) represents the sulfinic acid-modified cysteine and C(O;) represents the sulfonic acid-modified peptide.

Peptide m/z observed Change in mass Peptide score Expectation value
Da
ESGSLSPEHGPVVVHC(0,)SAGIGR 736.33 -0.08 28 0.048
ESGSLSPEHGPVVVHC(O5)SAGIGR 741.62 —0.40 47 0.0026
P53 PTP1B

DNA Reversible Oxidation Reversible Oxidation Sulfinic  Sulfonic

Damage Cys124 Cys135 Cys141 Cys176 Cys182Cys275Cys277 Cys32 Cys92 c:ys121 Cys215 Cys226 Cys231 Cys324 Cysm Cys215  Cys215
CTL <30% <30% <30% <30% <30% <70% <7.0% 12% 76% 7%  66%  43%  49%  28% 10 10
CTL + <30% <30% <30% <30% <30% <70% <7.0% 23% 79% 6B% 61%  49%  68%  49% 434. 20 18
Paraquat . <30% <30% <30% <30% <30% <70% <70% 82% 74%  100% 123% 54%  64%  25%  177% 24 a7
Paraqual + <30% <30% <30% <30% <30% <70% <7.0% 81% 7.1% 85% 14.2% 55% 65% 26% 243% 13 31
N-acetylcysteine . <30% <30% <30% <30% <30% <70% <7.0% 44% T0%  B9%  69% 58% 73%  20%  62% 09 09
N-acetylcysteine + <30% <30% <30% <30% <30% <70% <70% B2% 75%  82% 55%  60%  65%  33% 7.0% 14 15
Ratenane . <30% <30% <30% <30% <30% <70% <70% 78% 155% 83%  140% 54%  65%  39%  090% 15 35
Ratenone + <30% <30% <30% <30% <30% <70% <7.0% B4%  99%  O07% 5%  52%  66%  40%  147% 14 12
TNFa P <30% <30% <30%  <30% <30% <70% <70% B4%  95%  70% 76%  40%  40%  37%  93% 11 13
TNFa + <30% <30% <30% <30% <30% <70% <70% 35% 89% 71%  61%  40%  38%  24% 74% 10 09
Glutathione Ethyl Ester <30% <30% <30% <30% <30% <70% <70% 47% 76%  B5% 17% 57%  58%  36%  54% 13 11
Glutathione Ethyl Ester + <30% <30% <30% <30% <30% <70% <70% 52% 75%  78% 52%  45% 56%  38%  61% 14 15
PDTC . <30% <30% <30% <30% <30% <70% <7.0% 30% 115% 69% 7T0%  43%  48%  32%  48% 10 11
POTC + <30% <30% <30% <30% <30% <70% <70% 35% B4%  79%  106%  6.0% T2%  47%  44% 09 15
SNAP . <A0% <30% <30% <30% <30% <70% <70% 39% 7% 82% 35% 55% B61%  39%  55% 08 08
SNAP + <30% <30% <30% <30% <30% <70% <70% 37% 70%  90%  41%  40%  43%  51%  30% 10 06
OuM H202 <30% <30% 38%  <30% <30% <70% <70% 39% 63% B9% 23%  50%  68% 12%  37% 10 10
B0uM H202 <30% <30% <30% <30% <30% <70% <70% B9% T1%  B9%  23% 59%  56% 16% 17% 62 35
400uM H202 <30% <30% <30% <30% <30% <T0% <7.0% T3% 72%  92% 30% 65%  56%  28%  30% 35 21
2mM H202 <30% <30% <30% <30% <30% <70% <70% 75% 91% 103% 65% 63%  4T%  28%  78% 130

10mM H202 BT%  115%  135%  34%  <30% <T0% <TO0% 143% 102% 113% 105% 135%  105% 33%  57%
OuM Diamide 102% 163% 199% 38%  39% <70% 135% 52% 130% 99% 46% B83%  55%  54%  56% 10 10
0.64uM Diamide 59%  93% 161% <30%  41% <70% 111% 44% 108% B87% 26% B84%  03%  29%  68% 08 11
3.2uM Diamide B3% B5% 166% <30% 52% <70% 120% 54% 111%  94% 6%  96%  T79%  45%  53% 09 11
16uM Diamide 77% 104% 150% <30% _ 36% <70% 113% 39% 82%  82% 24%  49%  55% _ 48% | 241% 13 12
B80uM Diamide 147% 198% 204%  142% <7.0% 30N 145% 169% 112%  69% TE%  69% 09 12
400uM Diamide 211%  314% zu'ﬁ 215% 15.4% 304%  163%  129%  105% 08 09
2000uM Diamide 361% | 48T%  416% 30.0% 304% 250%  241% 24 21
93% >30
-
Percent Oxidation 0.6

Fold Change

Fic. 5. Quantitation of p53 and PTP1B oxidation in response to varied pro-oxidants. OxMRM characterization of reversible and

irreversible oxidation of seven cysteines in p53 and eight cysteines in PTP1B in MCF7 cells after the pro-oxidant treatments listed and detailed
under Materials and Methods. The conditions are grouped into three batches: 1) treatments with or without DNA damage, 2) H,O,
concentration curve, and 3) diamide concentration curve. Only PTP1B Cys215 was detected as an irreversibly oxidized species. Reversible
oxidation is measured as percentage oxidation and irreversible oxidation as the fold change of the sulfinic and sulfonic acid-modified peptide
relative to the corresponding control condition. When the oxidized peptide was not detected, the upper limit of oxidation that may potentially
be present, but not detected, was determined by ratio of the unmodified peptide signal to the baseline level of the oxidized peptide transition
and is represented in the heat map with a less than sign. Data shown are from a single transition and biological replicate. The full transition

list is detailed in supplemental Table 1.

the incubation with d, NEM. Because no decrease in the
spiked levels of p53-S-nitrosylation was seen throughout the
procedure (supplemental Fig. 9), we are confident that
OxMRM measurements accurately reflect the redox state of
intracellular p53. However, we cannot rule out the possibility
that different oxidants or exposure intervals might lead to
different degrees of intracellular p53 oxidization. Because we
assessed total intracellular p53, it is also possible that p53
restricted to a subcellular compartment is much more sus-
ceptible to oxidation. A very small proportion of total intracel-
lular p53, at maximum 2% (47), is thought to localize in or
around mitochondria. Even if this mitochondrial p53 were
extensively oxidized in response to our pro-oxidant treat-

ments, this small change to the total pool of intracellular p53
would probably not be detectable by the current OxXMRM
procedure.

It is important to note that although we found OxMRM to
provide quantitative data on the redox status of most cysteine
residues in p53 and PTP1B, a small number of cysteines (i.e.
3 and 2 of 10 cysteines, respectively) were not covered in our
analysis. As discussed earlier, the lack of obtaining a com-
plete OXMRM coverage map for these two proteins was due
largely to the lack of appropriate trypsin cleavage sites sur-
rounding these five residues. This limitation is likely to be
general because this method does require that the cysteine-
containing peptides chosen as targeted analytes for OxMRM
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be amenable to HPLC separation and MS detection, condi-
tions that are influenced by their size, charge state, chromato-
graphic properties, and ionization efficiencies. Although we
used trypsin exclusively in our studies here, other proteases
with well defined cleavage specificities can also be used (e.g.
Glu-C and Asp-N), either in combination or alone, to obtain
the desired coverage, requiring some level of optimization for
each protein to be analyzed. This, however, is a problem
common to all peptide-based proteomic strategies that at-
tempt a comprehensive coverage of posttranslational
modifications.

OxMRM addresses several unmet needs in the analysis of
cysteine oxidation and is applicable to any cellular or in vivo
model that is compatible with acidic conditions. First,
OxMRM offers robust quantitation and replicate validation
for large unbiased proteomic screens designed to uncover
redox-sensitive cysteines in susceptible proteins. It is note-
worthy that development of an antibody to NEM could allow
the OXMRM approach to be used as a discovery tool as
well, with the benefits of improved dynamic range and
quantitation at the MS/MS level as a result of MRM analysis.
Second, this new method yields in-depth analysis and cov-
erage of putative redox-sensitive proteins that are undetect-
able by less sensitive methods and circumvents the need for
antibodies or site-directed mutants. Third, OxXMRM pro-
vides a highly sensitive and robust assay to explore endog-
enous regulation of established redox-regulated cysteines.
The technology and reagents needed to perform OxMRM
are readily available, triple quadrupole mass spectrometers
are widely used and the only required biochemical reagent
is an antibody or epitope-tagged protein for affinity purifi-
cation. OXxMRM can be applied to essentially any protein,
with the specific set of cysteines that can be quantified
dependent to some degree on the primary sequence and
proteolytic digestion conditions employed. In-depth oxida-
tion analysis of targeted cellular regulators of oncogenesis,
apoptosis, or signaling networks under a variety of oxidant
conditions, including reversible and irreversible oxidation,
will greatly aid our understanding of oxidation in health and
disease.

This article contains supplemental Tables 1 and 2 and
supplemental Figures 1-8.
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