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Hydrogen peroxide (H2O2) functions as a second messenger that
can activate cell proliferation through chemoselective oxidation of
cysteine residues in signaling proteins. The connection between
H2O2 signaling, thiol oxidation, and activation of growth pathways
has emerged as fertile ground for the development of strategies
for cancer treatment. Central to achieving this goal is the devel-
opment of tools and assays that facilitate characterization of the
molecular events associated with tumorigenesis and evaluation of
patient response to therapy. Here we report on the development
of an immunochemical method for detecting sulfenic acid, the
initial oxidation product that results when a thiolate reacts with
H2O2. For this approach, the sulfenic acid is derivatized with a
chemical tag to generate a unique epitope for recognition. The
elicited antibody is exquisitely specific, context-independent, and
capable of visualizing sulfenic acid formation in cells. Applying this
approach to several systems, including cancer cell lines, shows it
can be used to monitor differences in thiol redox status and reveals
a diverse pattern of sulfenic acid modifications across different
subtypes of breast tumors. These studies demonstrate a general
strategy for producing antibodies against a specific oxidation state
of cysteine and show the utility of these reagents for profiling thiol
oxidation associated with pathological conditions such as breast
cancer.
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Reactive oxygen species (ROS) play important roles in normal
biological functions and pathological processes (1). Cancer

cells are frequently under persistent oxidative stress due to
oncogenic stimulation, increased metabolic activity, and mito-
chondrial malfunction (2, 3). Elevated ROS generation in cancer
cells serves as an endogenous source of DNA-damaging agents
that promote genetic instability (4). Mounting evidence also
supports a physiological role for ROS as second messengers in
intracellular signaling cascades that control cell growth, prolif-
eration, migration, and apoptosis (5–7). In these pathways,
stimulation of various cell surface receptors activate the
NADPH oxidase complex to generate a burst of hydrogen
peroxide (H2O2). H2O2 modulates signal transduction through
chemoselective oxidation of cysteine residues in proteins,
thereby altering their cellular function (8–11). In cancer cells,
increased ROS may generate inappropriate proliferation signals
and thus, contribute to tumor growth and other biological events
that promote malignancy (12).

The connection between H2O2 signaling, thiol oxidation, and
enhanced signaling through growth factor pathways provides a
framework to develop therapeutics that selectively target cancer
cells based on their redox status (2, 12–14). Central to achieving
this goal is the development of tools and assays that facilitate
characterization of the molecular events associated with tumor-
igenesis and evaluation of patient response to therapeutic treat-
ment. Toward this end, immunochemical methods offer a po-
tentially powerful and facile approach for monitoring changes in
thiol oxidation state, as an indicator of normal biological func-
tion and pathological processes. Antibodies are available to
detect S-glutathionylation (Cys-SSG) (15), S-nitrosylation (Cys-
SNO) (16), and sulfonated cysteine (Cys-SO3

�) (17). However,

these reagents have limited utility in monitoring protein oxida-
tion that occurs in H2O2 signaling because (i) disulfide bonds
undergo thiol-disulfide exchange and can easily be reduced,
leading to a loss signal, (ii) S-nitrosylation is not mediated by
H2O2, and (iii) �-sulfonylated cysteine antibodies only recognize
specific peptide sequences. Here we present the development
and application of a method for detecting cysteine sulfenic acid,
the initial oxidation product that results when a thiolate reacts
with H2O2. We show that this antibody exhibits high specificity
and sensitivity for sulfenic acids in proteins, independently of
sequence content. Application of this immunochemical ap-
proach, to protein lysate arrays and cancer cell lines, allowed us
to monitor changes in thiol redox status and revealed diversity
in sulfenic acid modifications among different subtypes of breast
tumors.

Results and Discussion
Generation of 2-Thiodimedone-Specific IgG. To detect H2O2-
mediated thiol oxidation, we envisioned an antibody that could
specifically recognize cysteine sulfenic acid. However, the struc-
tures of related oxoforms, such as sulfinic or sulfonic acid, are
very similar, and thus, isolation of an antibody devoid of
cross-reactivity might be difficult. In addition, the inherent
reactivity of sulfenic acids could make it challenging to generate
a homogenous hapten-protein conjugate. To address these is-
sues, we have taken a chemical approach to convert the sulfenic
acid into an epitope that enables antibody recognition (Fig. 1).
Dimedone is a cell-permeable, nucleophilic reagent that reacts
selectively with the electrophilic sulfur atom in sulfenic acid to
form a stable thioether product (Fig. 1 A) (18, 19). Since other
functional groups in proteins do not react with dimedone, this
chemical tag provides a unique starting point from which to
differentiate sulfenic acids from all other cysteine oxoforms.
Based on this strategy, we designed and synthesized the hapten
depicted in Fig. 1B, which consists of the dimedone moiety on a
cysteamine backbone with a five-carbon linker to keyhole limpet
hemocyanin (KLH). The resulting hapten-protein conjugate was
then used to elicit rabbit �-hapten-Ig gamma (IgG). In vitro
experiments show that the antibodies only recognized the oxi-
dized form of glyceraldehyde 3-phosphate dehydrogenase
(GAPDH, Fig. 1C) and papain (Fig. S1 A) when modified by
dimedone, verifying that the antibodies discriminate the adduct
from other protein functional groups and that recognition is
independent of protein sequence. In addition, the �-hapten
antibody displays greater sensitivity in Western blot analysis
compared to other chemical methods of sulfenic acid detection
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such as dimedone-biotin (20, 21) and an azide-tagged analog of
dimedone (22, 23) (Fig. S1B).

Detecting Thiol Oxidation in Cells. With in vitro results showing the
specificity of the �-hapten antibody in hand, we next tested the
ability of this reagent to image sulfenic acid in biological samples
using immunofluorescence (IF) staining and fluorescence mi-
croscopy (Fig. 2A). Live human cervical cancer (HeLa) cells
were incubated with dimedone to trap and tag protein sulfenic
acids. In subsequent steps, cells were washed, fixed, permeabil-
ized for antibody accessibility, and then probed with the �-hapten
antibody. IF staining for sulfenic acids was diffuse throughout the
cytoplasm of HeLa cells (Fig. 2 A, top); perinuclear and periph-
eral staining of a lace-like network, reminiscent of the ER
network, was also revealed (Fig. 2 A, middle). Control experi-
ments with cells excluding dimedone showed no background
fluorescence (Fig. 2 A, bottom), indicating that the observed IF
staining was specific for dimedone-tagged sulfenic acids. More-
over, trypan blue exclusion after dimedone incubation confirms
that cells remained viable throughout the treatment (Fig. S2 A).
Next, we investigated whether dynamic changes in sulfenic acid
formation could be observed using the fluorescence microscopy
and the �-hapten antibody. To simulate acute oxidative stress,
HeLa cells were exposed to hydrogen peroxide. At various time
points after oxidation, cells were incubated briefly with dime-
done, and then processed for immunofluorescence staining as
described above. Fig. 2B shows that IF staining for sulfenic acids
increased in the first 15 min following stimulation with hydrogen
peroxide and diminished to an undetectable level within 30 min.

To verify detection of protein sulfenic acid modifications, we
performed Western blot analysis with lysates derived from cells
incubated with dimedone (Fig. 2C). HeLa cells that were not
exposed to dimedone showed some nonspecific immunoreactiv-
ity (Fig. 2C, lane 1, asterisks; see also Fig. 5). This background
signal most likely arises from cross-reactivity of antibodies
against the carrier protein, KLH, with a small number of
unknown proteins present in human cells. Nonetheless, there

was a clear, dose-dependent increase in the extent of protein
labeling for dimedone-treated cells (Fig. 2C, lanes 2–4). Using
protein-specific antibodies (see SI Materials and Methods), we
identified three proteins in our Western blot analysis as actin,
GAPDH, and peroxiredoxin I (PrxI), denoted by arrowheads in
Fig. 2C. Actin and GAPDH are highly abundant proteins and
known to contain reactive cysteines that are readily oxidized to
sulfenic acid (24, 25). PrxI is an antioxidant protein that uses
cysteine as the primary site of oxidation during the reduction of
H2O2 (26). Positive identification of these sulfenic acid-modified
proteins confirms that our methodology is capable of detecting
H2O2-mediated thiol oxidation in cells. Furthermore, time and
dose-dependent protein labeling was also observed in Jurkat
T-cells, demonstrating the generality of the method (Fig. S2 B
and C). Taken together, the IF and Western blot results establish
that the �-hapten antibody is capable of detecting sulfenic
acid-modified proteins, which have been trapped and tagged
with dimedone in cells.

Protein Microarray-Based Approach to Profile Thiol Oxidation. Pro-
tein microarrays are used as a high-throughput method to
identify protein-protein interactions, kinase substrates, targets
of biologically active small molecules, and profile post-
translational modifications such as phosphorylation (27, 28). To
the best of our knowledge, however, this approach has not been
applied to investigate protein thiol oxidation. To explore the
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Fig. 1. Strategy for tagging and antibody-based detection of protein
sulfenic acids. (A) Chemoselective alkylation of sulfenic acids by dimedone
yields the synthetic epitope, which is recognized by the �-hapten antibody. (B)
Structure of the hapten conjugate used to elicit sulfenic acid-specific antibod-
ies. (C) GAPDH was incubated with combinations of hydrogen peroxide and
dimedone as indicated; reaction products were analyzed by Western blot with
the �-hapten antibody.
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Fig. 2. Immunofluorescence microscopy and Western blot showing sulfenic
acid-modified proteins in HeLa cells. (A) HeLa cells were incubated in media
containing 5 mM dimedone (top and middle) or DMSO (2.5% vol/vol) (bottom)
for 1 h at 37 °C and analyzed for protein sulfenic acids (red). Nuclei were
counterstained with DAPI (blue). (Scale bars, 60 �m.) (B) HeLa cells were
untreated or treated with 1 mM H2O2 for 5, 15, or 30 min at 37 °C. At the end
of each time point, cells were washed and incubated in media containing 5
mM dimedone for 15 min at 37 °C and then analyzed for protein sulfenic acids
(red). Nuclei were counterstained with DAPI (blue). (C) Protein was isolated
from cells incubated in media containing 2.5, 5, or 10 mM dimedone or DMSO
(2.5% vol/vol) for 2 h at 37 °C. Sulfenic acid-modified proteins were analyzed
by Western blot with the �-hapten antibody. Arrowhead, protein bands
corresponding to sulfenic acid-modified actin, GAPDH and PrxI (see also SI
Materials and Methods); asterisk, immunoreactive background band.
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utility of the protein microarray platform to profile sulfenic acid
levels, we first tested whether the �-hapten antibody could detect
thiol oxidation on surface-immobilized GAPDH. Protein was
applied directly to PVDF as a dot. In subsequent steps, the
membrane was treated with H2O2 and dimedone to form and
trap the sulfenic acid modification on GAPDH. The �-hapten
antibody recognized only oxidized GAPDH when modified by
dimedone (Fig. S3), analogous to data obtained for GAPDH in
solution (Fig. 1C).

Having established that our immunochemical approach could
be applied to a surface-immobilized substrate we then examined
sulfenic acid levels in protein microarrays using the strategy
outlined in Fig. 3A. In initial tests, we analyzed H2O2-mediated
thiol oxidation using an array chip consisting of individual tissue
lysate samples from 14 human organs, four mammalian cell lines
as well as bladder tumors and matching normal tissue from nine
individuals. After dimedone treatment, the total sulfenic acid
level in each sample was assessed using the �-hapten antibody
and chemifluorescence detection (Fig. 3B). Among the organs
screened, the highest level of sulfenic acid was identified in the
ovaries (Fig. 3C), where ROS are essential for several biological
processes related to reproduction, including folliculogenesis
(29). Sulfenic acid levels were also higher than the mean average
in cervix, kidney, thyroid, colon, and liver tissues (Fig. 3C). BSA
and buffer samples arrayed on the chip showed no background
signal, as expected (Fig. 3B). The cell culture process is known
to increase cellular ROS formation (1), and consistent this
general observation, elevated levels of sulfenic acid were ob-
served in all four mammalian cell lines (Fig. 3C).

Sulfenic acid modifications have not been investigated in
malignant tissue samples and thus, we conducted a pilot study of
thiol oxidation in individuals with bladder cancer. Among the
nine patient tumor tissue samples that we examined, sulfenic
acid abundance varied by up to seven-fold (Fig. S4). In addition,
six of seven individuals with transitional or squamous cell
carcinoma exhibited a significant increase in the extent of
sulfenic acid modifications, relative to matched normal tissue
(P � 0.005 by paired t test; Fig. S4); adeno- and epidermoid
bladder carcinomas samples were also associated with elevated
levels of sulfenic acid (P � 0.001 by paired t test; Fig. S4).
Although the number of paired samples on the array chip is too
small to draw broad conclusions, these initial observations
suggest that elevated levels of sulfenic acid might be hallmark of
bladder tumor tissues. Consistent with this hypothesis, lower
total thiol groups have been reported in the blood plasma of
patients with bladder cancer, as compared to healthy controls
(26). The current data support and extend this previous study
through analysis of sulfenic acids in bladder tumor and matched
normal tissue samples.

Profiling Sulfenic Acid Levels in Tumor and Normal Breast Tissue
Lysates Using Protein Microarrays. The preceding experiments led
us to expand our study of sulfenic acid modifications in cancer
to additional tissues, and we were specifically interested in breast
carcinoma because oxidative stress is well known to modulate
estrogen receptor (ER) pathways (27–30). The array chip con-
tained 40 pairs of surgical samples (tumor and adjacent normal
tissue) obtained from patients with ductal breast cancer, as-
signed to histological grades I–III and ranging in age from 35 to
85. Of these, 38 samples yielded a standard deviation of 15% or
less and were included in subsequent comparisons. Fig. 4 shows
a representative data set from these experiments and expresses
the level of thiol oxidation in each sample as the ratio of sulfenic
acid in breast tumor to the patient-matched normal according to
age (Fig. 4A) or grade (Fig. 4B). A ratio greater than 1 indicates
that thiol oxidation was elevated in the malignant tissue, relative
to the paired sample.

Well-established markers for breast cancer such as carcinoma-

associated antigen (CA15–3, also known as MUC1) and carci-
noembryonic antigen (CEA) show 1.5- to 2-fold changes in
abundance among breast cancer patients (30–32). By compari-
son, the sulfenic acid ratio among patients analyzed in this study
ranged from 0.25- to 4-fold (Fig. 4). When comparing two age
groups (35–49 years, n � 20 and 50–85 years, n � 18), the
younger population had three times as many individuals with a
sulfenic acid ratio greater than 1.2 (Fig. 4A). The lack of positive
correlation between sulfenic acid ratio and age in these exper-
iments suggests that not all cancers arising with age will exhibit
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Fig. 3. Detecting thiol oxidation using the protein microarray platform. (A)
Strategy for detecting sulfenic acids on protein microarrays with the �-hapten
antibody. (B) Profiling protein sulfenic acid levels in tissue lysates. The protein
microarray was incubated in buffer containing 2 mM dimedone for 1 h and
probed for sulfenic acids (red) with the �-hapten antibody. Negative (BSA and
lysis buffer) and IgG (rabbit IgG spotted at 1.0 and 0.1 mg/mL) controls are also
included on the array. (C) Analysis of sulfenic acid content in human tissues
and mammalian cell lines. Chemifluorescence intensity of microarray spots is
indicated with bars. Error bars, the standard deviation of three replicate spots.
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excess levels of oxidative stress, relative to younger individuals.
This hypothesis is supported by a recent report which indicates
that expression of oxidant-responsive genes is more evident in
breast cancers diagnosed at an early age, relative to those
diagnosed at an older age (33). Among different tumor grades,
most striking is the observation that 53% of individuals with
grade II breast carcinoma (n � 17) had sulfenic acid ratios
greater than 1.0, relative to 25% in grade III (n � 16) and none
in grade I (n � 5) (Fig. 4B). Our observation that mid-stage
breast cancer is associated with higher sulfenic acid ratios is
notable and may indicate that thiol oxidation promotes tumor-

igenesis among a subset of patients, possibly by activating
proteins that function in growth factor signaling pathways. To
further validate this hypothesis, additional studies will be
required.

Comparative Sulfenic Acid Profiling of Human Breast Cancer Cell Lines.
Although many important insights into thiol redox modifications
have been gained through in vitro studies (34–38), proteins are
subject to oxidation upon cell lysis (39, 40). Therefore, we
extended our protein microarray analysis by profiling sulfenic
acid modifications directly in human breast cell lines (Fig. 5). For
these experiments, protein oxidation was characterized by West-
ern blot analysis of whole-cell lysates derived from cells treated
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Fig. 4. Comparison of sulfenic acid levels by protein microarrays from tumor
and normal breast tissue lysates. The level of oxidation in each sample ex-
pressed as the ratio of sulfenic acid in breast tumor to the patient-matched
normal and analyzed according to age (A) or histological grade (B). A ratio
greater than one indicates that thiol oxidation is elevated in malignant tissue,
relative to the paired sample. Chemifluorescence intensity of microarray spots
is indicated with bars. The standard deviation for three replicate spots was less
than � 15%.
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Fig. 5. Profiling sulfenic acid modifications in breast cancer cells. (A) Com-
parative sulfenic acid analysis of matched breast cell lines HS578Bst (normal)
and HS578T (carcinoma). HS578Bst and HS578T cells were cultured in media
containing 5 mM dimedone or DMSO (2.5% vol/vol) for 2 h at 37 °C. After
washing with PBS, cells were harvested in lysis buffer and sulfenic acid-
modified proteins were analyzed by Western blot with the �-hapten antibody.
Equal protein loading was verified by �-actin (bottom). Asterisks denote a
background immunoreactive band. (B) Profiling sulfenic acid-modified pro-
teins in breast cancer cell lines. BT20, BT474, MCF7, MDA-MB231, and MDA-
MB468 cell lines were cultured in media containing 5 mM dimedone or DMSO
(2.5% vol/vol) for 3 h at 37 °C. After washing with PBS, cells were harvested in
lysis buffer and sulfenic acid-modified proteins were analyzed by Western blot
using the �-hapten antibody. Equal protein loading was verified by �-actin
(bottom). Asterisks denote a background immunoreactive band.
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with dimedone, analogous to earlier experiments in HeLa cells
(Fig. 3). Initially, we compared thiol oxidation in cell lines
derived from primary invasive ductal carcinoma (Hs578T) and
normal adjacent tissue (Hs578Bst). Fig. 5A shows that protein
sulfenic acid modifications are more prevalent in the Hs578T cell
line, relative to its normal counterpart. Next, we profiled protein
sulfenic acid modifications across cell lines that represent dis-
tinct subtypes of breast cancer, including BT20, BT474, MCF7,
MDAMB231, and MDAMB468 (Fig. 5B) [see Table S1 for
source, clinical, and pathological features of tumors used to
derive breast cancer cell lines used in this study (41)]. Each breast
cancer cell line showed a unique pattern and intensity of protein
labeling. Of particular note, the extremely invasive MDAMB231
cell line exhibited the highest level of sulfenic acid modifications.
The HER2/neu-overexpressing cell line, BT474 also exhibited
intense labeling and was further distinguished by prominent
protein bands migrating between 50–100 kDa. Experiments are
currently underway to determine the identity of sulfenic acid-
modified proteins in breast cancer cell lines and will be reported
in due course.

Conclusion
Understanding the complexities of protein thiol oxidation in nor-
mal function and disease states remains a major challenge. Here we
have described a powerful method for detection of sulfenic acids
that expands the arsenal of tools for analyzing thiol oxidation in
cells. The use of antibodies that target a specific cysteine oxidation
state capitalizes on the sensitivity and selectivity afforded by
immunochemical methodology, combined with relatively simple
preparation and potentially broad applications. A key feature of this
approach is chemical functionalization of the sulfenic acid, which
converts the modification into an epitope that can be recognized by
the �-hapten antibody and facilitates discrimination over similar
modifications, particularly sulfinic and sulfonic acid. Applying this
approach to several systems, including human cancer cell lines,
shows it can be used to monitor differences in thiol redox status and
reveals a distinct pattern of sulfenic acid modifications across breast
tumor subtypes. Together, these studies demonstrate a general
strategy for producing antibodies against a specific oxidation state
of cysteine and highlight the utility of this approach for profiling
thiol oxidation associated with pathological conditions such as
breast cancer.

Materials and Methods
Antibody Generation. KLH (Keyhole Limpet Hemocyanin) protein was activated
by adding sulfo-SMCC (sulfosuccinimidyl 4-[N-maleimidomethyl]cyclohexane-1-
carboxylate), a hetero-bifunctional crosslinker containing an amine-reactive N-
hydroxysuccinimide and a sulfhydryl-reactive maleimide group. The hapten (syn-
thesized as described in SI Appendix and Fig. S5) was conjugated to succinylated
KLH overnight at pH 8 and the product was then purified over a PD10 gel
filtration column (GE Healthcare). Two New Zealand White (specific pathogen-
free grade) rabbits were immunized subcutaneously with conjugate in a 50:50
emulisification with adjuvant [either Freunds complete (FCA) or Freunds incom-
plete (FIA)] according to the following schedule: day 0 boost (FCA), day 14 boost
(FIA), and day 28 boost (FIA). The rabbits were bled on days 35 and 40 after the
primary boost, the red blood cells spun out by centrifugation, and the remaining
antisera used for testing, without further purification.

Dimedone Labeling of GAPDH and Papain. Glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) from rabbit muscle was obtained as a powder (Sigma).
GAPDH (4 mg/mL in PBS pH 7.4) was treated with 1 mM DTT for 20 min at 0 °C.
After reduction, DTT was removed by ultrafiltration using an Amicon Ultra-4
10 KDa MWCO centrifugal filter unit (Millipore). Papain was obtained as a
powder (Sigma) and further purified as previously described (22). Stocks of
dimedone used in labeling studies were made up in DMSO-0.1 M Bis-Tris�HCl,
pH 7.4 (1:1). To obtain dimedone-tagged GAPDH or papain, protein (10 �M in
PBS) was treated with 5 mM dimedone or DMSO (2.5% vol/vol) followed by 0,
10, 20, or 60 �M H2O2 for 30 min at room temperature. The reaction was
terminated by adding 10% �-mercaptoethanol in XT sample buffer (Bio-Rad)
and analyzed by Western blot using the �-hapten antibody.

Cell Culture. HeLa, Hs578Bst, Hs578T, MCF-7, BT-20, BT-474, MDA-MB-231, and
MDA-MB-468 cell lines were obtained from American Type Culture Collection.
HeLa, Hs578Bst, Hs578T, MCF-7, and BT-20 cell lines were grown in DMEM
media supplemented 10% FBS, 1% penicillin-streptomycin-L-glutamate (PSG)
and 1� non-essential amino acids (NEAA) at 37 °C in a humidified atmosphere
of 5% CO2. BT-474 cells were grown in RPMI supplemented with 10% FBS and
1% PSG at 37 °C in a humidified atmosphere of 5% CO2. MDA-MB-231 and
MDA-MB-468 cell lines were grown in Leibovitz’s L-15 media supplemented
with 10% FBS and 1% PSG at 37 °C.

Fluorescence Microscopy. HeLa cells (�2.0 � 105) were seeded on collagen-
coated coverslips in DMEM media supplemented with 10% FBS, 1% PSG, and
1� NEAA 16 h before analysis. Cells were incubated with 5 mM dimedone or
DMSO (2.5% vol/vol) for 1 h at 37 °C in DMEM media (2% FBS, 1% PSG, and 1�
NEAA). Next, cells were washed with PBS (2 � 5 min) and fixed with acetone-
methanol (1:1) for 10 min at �20 °C. After fixation, cells were washed with PBS
(3 � 5 min), blocked with 10% FBS in PBS for 30 min at room tempertature,
washed (2 � 10 min) with DMEM media (2% FBS, 1% PSG, and 1� NEAA) and
then with PBS (2 � 10 min). Cells were incubated with the �-hapten antibody
in PBST (1:3,000) for 30 min, washed with PBS (3 � 10 min) and incubated with
�-rabbit Alexa Fluor 594 (Invitrogen, 1:1,000) in PBST for 1 h at room temper-
ature. After washing with 5% FBS (2 � 10 min) and PBS (2 � 10 min) slides were
stained with 0.1 mg/mL DAPI for 1 min, rinsed with PBS, mounted with
Fluoromount G (Southern Biotech) and analyzed using an Olympus BX-51
microscope. To monitor dynamic changes in sulfenic acid formation, HeLa cells
were untreated or treated with 1 mM H2O2 for 5, 15, or 30 min at 37 °C. At the
end of each time point, cells were washed and cultured in fresh media
containing 5 mM dimedone for 15 min at 37 °C. After dimedone treatment,
cell samples were processed for fluorescence microscopy, as described above.

Detecting Protein Sulfenic Acids in Cultured Cells. HeLa cells were trypsinized,
pelleted (200 � g at room temperature) and resuspended in DMEM containing
2% FBS, 1% PSG, and 1� NEAA. Cells were then treated with 2.5, 5, or 10 mM
dimedone or DMSO (2.5% vol/vol) for 2 h at 37 °C. Breast cell lines were
processed as above, but resuspended in DMEM containing 0.5% FBS, 1% PSG
and then treated with 5 mM dimedone or DMSO (2.5% vol/vol) for 3 h at 37 °C.
After incubation, cells were harvested, washed in PBS and then resuspended
in 100 �L ice-cold lysis buffer (1.0% Nonidet P-40, 50 mM Tris-HCl, pH 8, 150
mM NaCl, and protease inhibitors) and incubated for 30 min on ice with
frequent mixing. The supernatant was collected by centrifugation (20,000 �
g at 4 °C) and the protein concentration of the resulting lysate was determined
by Bradford assay (Bio-Rad). Sulfenic acid-modified proteins were analyzed by
Western blot using the �-hapten antibody.

Western Blot. Proteins were resolved by SDS/PAGE using Criterion XT 4–12%
Bis-Tris gels (Bio-Rad) in XT Mes running buffer, transferred to PVDF mem-
brane and then blocked with 5% nonfat dried milk in TBST overnight at 4 °C
or for 1 h at room temperature. The membrane was then washed in TBST (2 �
10 min) and incubated with �-hapten antibody (1:2,000–1:4,000) for 1 h at
room temperature. Next, the membrane was washed with TBST (3 � 10 min)
and incubated with goat �-rabbit-HRP in TBST (1:5,000–10,000) for 30 min at
room temperature. After washing with TBST (3 � 10 min), the blot was
developed using ECL Plus detection reagent (GE Healthcare) and the chemi-
fluorescent signal was visualized using a Typhoon scanner (GE Healthcare). To
demonstrate equal protein loading streptavidin-HRP blots were inactivated
with 15% H2O2 in TBST and re-probed with �-GAPDH or �-actin (Santa Cruz
Biotechnology), followed by rabbit �-mouse-HRP.

Tissue Lysate Protein Microarray. SomaPlex reverse phase protein microarrays
with cell culture and tissue lysate samples were obtained from Protein Bio-
technologies (see also SI Materials and Methods). Microarray slides were
washed with water, TBST (2 � 5 min) and incubated with 2 mM dimedone in
TBST for 15 min at room temperature. After washing with TBST (3 � 5 min), the
slide was incubated in ZeptoBlock (Protein Biotechnologies) overnight at 4 °C
and washed with TBST (5 � 5 min). The slide was then incubated with �-hapten
antibody in TBST (1:5,000) for 1 h at room temperature, washed with TBST (6 �
5 min) and incubated with goat �-rabbit-HRP (1:10,000) for 1 h at room
temperature. After washing in TBST (6 � 5 min), the slide was developed with
ECL plus detection reagent and the chemifluorescent signal was visualized
using a Typhoon scanner. The resulting signal intensities were quantified
using ImageQuant software.
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