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The study of oxidative stress is a broadly important area of

research due to its involvement in many conditions such as

heart disease,[1] diabetes,[2] neurodegenerative diseases[3] and
cancer,[4] as well as the ageing process.[5] Cysteine residues are

particularly susceptible to oxidation during the generation of
reactive oxygen species (ROS). This oxidation can have a scav-

enging role—destroying ROS—but cysteine oxidation can also
be an integral step in redox signalling and regulation.[6] Cys-

teine residues can be oxidised to several biologically relevant

oxidation states such as sulfenic acids, disulfides, thiyl radicals,
sulfenamides, and higher oxidation states such as sulfinic or

sulfonic acids. Of particular interest are the first oxidation prod-
ucts of cysteine as these species, such as sulfenic acids, are

thought to be biomarkers of oxidative stress as well as precur-
sors to further modifications.[7]

A diverse range of chemical probes for detecting these

cysteine oxidation states has been reported, particularly for
sulfenic[8] and sulfinic acids.[9] Although these studies have pro-
vided useful information regarding cysteine oxidation, several
limitations have been reported. For example, the most widely

used sulfenic acid probe, dimedone, reacts not only with cys-
teine sulfenic acid, but also with sulfenamides[10] and hydrogen

peroxide.[11] In our own recent study,[12] we also observed sig-

nificant protein labelling when using a dimedone probe under
reducing conditions when sulfenic acid formation should be

minimal, an observation consistent with earlier reports of
dimedone’s limited chemoselectivity.[13] A further limitation of

dimedone is its relatively slow rate of reaction with sulfenic
acids, which could lead to false negatives for short-lived sulfen-

ic acid residues.[11] Although more nucleophilic probes have

been introduced,[8h,j] the concern for selectivity remains be-
cause of potential reaction with sulfenamides and oxidants

such as hydrogen peroxide. Likewise, cyclooctynes have been
explored for sulfenic acid detection,[8g,i] but these probes are

known to exhibit significant off-target reactions with
thiols.[11, 14] For these reasons, there is a need for new chemical

Rapid detection of cysteine oxidation in living cells is critical in
advancing our understanding of responses to reactive oxygen

species (ROS) and oxidative stress. Accordingly, there is a need
to develop chemical probes that facilitate proteome-wide de-
tection of cysteine’s many oxidation states. Herein, we report
the first whole-cell proteomics analysis using a norbornene
probe to detect the initial product of cysteine oxidation: cys-

teine sulfenic acid. The oxidised proteins identified in the HeLa
cell model represent the first targets of the ROS hydrogen per-

oxide. The panel of protein hits provides new and important
information about the targets of oxidative stress, including 148
new protein members of the sulfenome. These findings pro-
vide new leads for the study and understanding of redox sig-
nalling and diseases associated with oxidative stress.
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probes with improved selectivity and complementary modes

of reaction for trapping cysteine sulfenic acid.
We recently documented the use of norbornene probes as

cysteine sulfenic acid traps for small molecules, proteins and in

live cells.[11, 12] In both studies, norbornene probes were shown
to react rapidly and selectively with sulfenic acids through a

strain-promoted group transfer reaction (Figure 1). The norbor-
nene probe is inert to hydrogen peroxide, sulfinic acids and

sulfonic acids. Rapid reaction with thiols was only observed in
the presence of hydrogen peroxide, which provoked the for-

mation of the corresponding sulfenic acid and subsequent re-

action with norbornene. It is also worth noting that norbor-
nene derivatives are easy to synthesise and can be modified in

a versatile and modular fashion.[11] Herein, we report the next
advance in the use of our norbornene probe for the study of

cysteine oxidation: a proteome-wide survey of cysteine oxida-
tion in HeLa cells under oxidative stress.

Guided by the results obtained in our previous study,[12] we

chose conditions that would provide the best opportunity to
label, enrich and identify proteins susceptible to oxidation

during treatment with hydrogen peroxide. Our approach was
to compare any protein hits identified in a negative control

sample of HeLa cells not treated with hydrogen peroxide to a
sample of HeLa cells treated with the hydrogen peroxide oxi-

dant. Comparison of these two sets of protein hits would allow

quantification of enrichment due to oxidation (e.g. , reaction of
cysteine with hydrogen peroxide to form a sulfenic acid). This

strategy would also help to filter out any false positives en-
riched in the negative control, such as endogenously biotiny-

lated proteins. In the event, HeLa cells were incubated with
norb-bio (3 mm, 1) in DMSO 1 % (v/v) for 2 h at 37 8C under a

5 % CO2 humidified atmosphere. After an initial 2 h of incuba-

tion with probe 1, H2O2 (2 mm) was added to the set of cells
designated for oxidation. All samples were then left to incu-

bate for a further 2 h at 37 8C under 5 % CO2 before being pre-

pared for affinity enrichment and proteomics analysis
(Figure 1).

Before affinity purification, a small portion of each sample
was analysed by SDS-PAGE and western blot to ensure ade-

quate enrichment of the oxidised proteins (e.g. , those that
contain cysteine sulfenic acid). Only the oxidised samples dis-

played a streptavidin signal, thus indicating ligation of the

norb-bio probe 1 to the oxidised proteins (Figure 2 A, B). Be-
cause norbornene probes do not react with hydrogen peroxide

(Supporting Information pp. S18 and S19),[15] this indicates that
the labelling proceeds by the reaction of hydrogen peroxide

with the proteins and subsequent trapping of the oxidised
protein with the norbornene probe 1. It should be noted, how-

ever, that biotin itself can be oxidised to the sulfoxide by hy-
drogen peroxide, but under the labelling conditions employed,
this oxidation is minimal (Supporting Information pp. S24–S27).

All samples were subject to affinity purification on streptavidin
agarose beads followed by on-bead reduction of disulfides

with dithiothreitol (DTT), alkylation of free thiols with N-ethyl-
maleimide (NEM), and subsequent elution from the beads

(Figure 1). After this affinity purification and the elution of

bound proteins, a small portion of the sample was analysed by
SDS-PAGE. Silver staining was used to assess the total protein

extracted during the affinity purification and release step.
Once again, significant enrichment in protein loading was only

observed for the oxidised samples compared to the control
(Figure 2 C); this is consistent with our previous reports that a

Figure 1. Summary of the protocol for using norb-bio 1 to trap, enrich, and identify proteins containing cysteine sulfenic acid. HeLa cells were used in this
study, and oxidative stress was simulated by treating the cells with 2 mm H2O2. Norbornene probes react with sulfenic acids through a strain-promoted liga-
tion of the olefin to yield the sulfoxide adduct.
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rapid reaction between cysteine and norbornene derivatives
only occurs when an oxidant converts the cysteine thiol to a

sulfenic acid.[11, 12]

Eluted proteins were then prepared for proteomics analysis

by sequential desalting (SDS-PAGE), reduction (DTT) and alkyla-

tion of any remaining cysteine residues with iodoacetamide
(IAM), trypsin digestion and peptide extraction. Initial LC-MS/

MS analysis revealed a broad spectrum of proteins, with 1056
hits identified across both sample sets based on one unique

peptide match. After a stringent set of selection criteria had
been applied (proteins identified with at least two unique pep-

tides, a peptide FDR <0.01, a protein FDR <0.01 and a search

engine score >20 for Mascot and >100 for MS Amanda), 635
proteins were quantified from both sample sets.

This data set was further filtered by applying selection crite-
ria for those proteins that were significantly enriched in the
oxidised sample compared to the control (fold change >2 and
ANOVA score <0.01) to give a narrower set of 482 potential

protein hits. Of these 482 hits, 473 proteins contain a cysteine
residue, and therefore constitute a class of proteins that might
be modified during oxidative stress. It was interesting to note
that nine of the significantly enriched proteins did not contain
cysteine residues. Of these nine proteins, most were histone or

protein subunits, so their enrichment is likely to be due to
their strong interaction with a separate protein that contains

an oxidisable cysteine. For example, one of these nine proteins,
keratin-18, is known to bind with 14-3-3 proteins.[16] Because
the protein 14-3-3 q was indeed enriched and identified in our

survey, we attribute the co-enrichment of keratin-18 to its af-
finity for this 14-3-3 protein. The full list of the nine enriched

proteins that do not contain cysteine is included in the Sup-
porting Information (Spreadsheet S1). Given these results, the

assay in Figure 1 provides a means to identify not only the
proteins that are oxidised by hydrogen peroxide, but also pro-

teins that bind to these targets of oxidation. Notably, one
other sulfenic acid-enrichment study has reported similar out-

comes, with co-enrichment of sulfenic acid-containing proteins

and proteins containing no cysteines attributed to strong pro-
tein–protein interactions between these pairs.[17]

It should be noted that the full set of 473 hits in our survey
require additional analysis to verify the site of the cysteine oxi-

dation and its cellular role. With that said, it should be reiterat-
ed that these 473 proteins all have cysteine residues and only
react efficiently with norbornene in the presence of hydrogen

peroxide. This is consistent with sulfenic acid formation and
trapping with the norbornene probe. A full list of the proteins
is provided in Spreadsheet S1. A graphical representation of
the difference in protein enrichment obtained between the

control cells (not treated with H2O2) and oxidised cells (treated
with H2O2) is given in Figure 3 A and in the Supporting Infor-

mation (pp. S8).
These 482 enriched protein hits are linked to a diverse range

of biological pathways and cellular locations (Figure 3 B and C).

Regarding the latter, a large number of proteins in the cytosol
or nucleus were detected. With respect to biological pathways,

the majority of protein hits were associated with generalised
cellular metabolism or gene expression. This includes well-

documented proteins such as a-enolase, GAPDH, lactate dehy-

drogenase (A chain) and fructose-bisphosphate aldolase A, all
of which are involved in glycolysis and have cysteine residues

susceptible to oxidation. Oxidation of these proteins is also
linked to maladies such as Alzheimer’s disease.[18]

The data set of 473 enriched proteins with cysteine residues
was then compared to protein hits identified in previous cys-

Figure 2. A) Western blot analysed with streptavidin AlexaFluor555 showing the enrichment of proteins labelled with norb-bio in live HeLa cells after treat-
ment with H2O2 and without. Intense streptavidin signals are only observed for the H2O2-treated samples (middle three lanes). After affinity purification with
streptavidin agarose beads, the supernatant (unbound proteins) was analysed for the H2O2-treated samples, and no streptavidin labelling was observed, thus
indicating efficient extraction of the probe-bound proteins (right three lanes). B) Western blot treated with Sypro Ruby total-protein stain to show total pro-
tein loading across all experiments. Each lane was loaded with approximately 20 mg total protein. C) SDS-PAGE analysis of total proteins eluted from streptavi-
din agarose beads after affinity purification of samples treated with H2O2 and without. Silver staining was used to visualise total proteins. Significant enrich-
ment is observed only for the H2O2-treated samples.
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teine sulfenic acid surveys reported for other probes. These
studies all used different C-nucleophilic sulfenic acid pro-

bes,[8f,j,k] some of which have greater reactivity than typical di-
medone-based probes. These comparisons should be interpret-
ed with caution, as the conditions and methods differ slightly

across each study; this could account for the differences in
protein identification. With these qualifications, we still
thought it would be valuable to investigate if any of the 473
protein hits we had identified with our norb-bio probe had

been previously reported to contain cysteine sulfenic acids,
and also to determine if there are any new proteins identified

in the sulfenome. In this analysis, we found that, of the 473

enriched proteins, 148 (31 %) appear to be proteins not previ-
ously identified as containing cysteine sulfenic acid (Spread-

sheet S2). It was also noteworthy that 325 of the 473 hits
(69 %) had been previously identified in other studies, thus

indicating that norb-bio (1) is reacting with some of the same
proteins as other probes for cysteine sulfenic acid (Supporting

Information p. S9). The full list of proteins annotated in each of

these studies is given in Spreadsheet S3 for comparison. Of
the 148 previously unknown hits, we analysed 28 proteins that

appeared to have the greatest fold change (>30) in enrich-
ment and therefore react significantly with norb-bio (1) in the

presence of hydrogen peroxide (pp. S6–S7). We provide these
protein hits here as potential leads for future investigation of

cysteine sulfenic acid in redox regulation and disease. Addi-
tionally, 109 proteins were identified as common across all

studies compared in this analysis (Spreadsheet S2). Because
these proteins are consistently detected across multiple studies

with different probes and under different labelling conditions,

these proteins clearly contain oxidisable cysteine residues that
can be readily converted into cysteine sulfenic acid and

trapped with multiple probes.
From the set of proteins enriched in the assay, we sought to

validate two hits in vitro: a-enolase, which was identified as
one of the 109 proteins common across all studies, and dihy-
drofolate reductase (DHFR), which was identified as one of the

148 proteins not previously known to contain a sulfenic acid.
The recombinant purified proteins were treated with hydrogen
peroxide (2 mm) in the presence of norb-bio (3 mm) at 37 8C to
mimic the conditions of the cellular assay. A control was also
conducted in which the proteins were first reduced with DTT
(2 mm) for 30 min at 37 8C before the addition of norb-bio

(3 mm) and left to incubate at 37 8C. This was to prevent oxida-
tion in air resulting in false positives. Excess probe was also
removed before SDS-PAGE. In both cases, significant labelling
was only observed in the H2O2-treated samples compared to
the control (Figure 4). This is consistent with the proteomics

data analysis, in which a-enolase saw an enrichment with a
maximum fold change of 22, whereas DHFR had a maximum

Figure 3. A) Volcano plot depicting the protein significance (y-axis) compared to the fold change (x-axis). Proteins towards the top right of the plot display
large-magnitude fold changes that are also statistically significant. The black line depicts the significance border, which was corrected for multiple testing in
Perseus with S0 = 0.1 and FDR = 0.01, performed as a two-sided Student’s t-test. The 30 proteins in Table S1 (pp. S6–S7) are highlighted to show their signifi-
cant enrichment, with labels for a select few. 482-enriched proteins identified by using norb-bio probe 1, categorised into B) generalised cellular locations
and C) generalised biological pathways. In both cases, some proteins might have multiple cellular locations or participate in multiple cellular pathways; this is
reflected in the number of proteins assigned to each category. The nine enriched proteins without cysteine residues were included in this analysis because
they might bind to proteins containing cysteine sulfenic acid and therefore be part of the sulfenome network.
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fold change of 27 for H2O2-treated cells compared to the con-

trol (Spreadsheet S1). Validation of these two additional puri-
fied proteins further motivates the use of the norb-bio probe

for studying cysteine oxidation.
To further investigate the co-enrichment of non-cysteine-

containing proteins, a sample of recombinant histone H1

human protein was assessed under conditions that mimic the
cellular assay for its reactivity with norb-bio both in the pres-

ence and absence of H2O2. Although some labelling was ob-
served, there was no difference in labelling between the

sample treated with H2O2 and the experiment in which H2O2

was omitted (Figure 4). This labelling appears to occur when

not all of the probe is removed before analysis by SDS-PAGE

and blotting (p. S17). In contrast, the cellular assay resulted in
a >30-fold enrichment for histone H1 when H2O2 was present,

so nonselective reaction of norb-bio with H1 cannot account
for this result. Our current hypothesis is that norb-bio reacts

with cysteine sulfenic acid on proteins that bind strongly to
H1. The assay in Figure 1 would therefore result in co-enrich-

ment of H1 and its oxidised binding partners. We propose that

all of the H1 binders that contain cysteine sulfenic acid can be
identified by blotting for H1 after enrichment and then se-
quencing all hits. We are currently embarking on this study
and shall report the results in due course.

This proteomics study has provided new insight into pro-
teins susceptible to cysteine oxidation. A total of 148 out of

473 proteins were detected that had not been previously iden-
tified in other surveys of the sulfenome. This result reveals that
the norbornene probes for cysteine sulfenic acid are comple-

mentary to previously reported probes,[19] exhibiting excellent
chemoselectivity and a distinct coverage of the sulfenome net-

work. The full list of protein hits identified by using the norbor-
nene probe provides motivation for further analysis of the role

of cysteine oxidation in cellular function and disease. Our

own laboratories are pursuing these hits further with an aim of
discovering new roles for cysteine oxidation and new targets

for therapeutic intervention for diseases linked to oxidative
stress.
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