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ABSTRACT: Norbornene derivatives were validated as
probes for cysteine sulfenic acid on proteins and in live
cells. Trapping sulfenic acids with norbornene probes is highly
selective and revealed a diﬀerent reactivity proﬁle than the
traditional dimedone reagent. The norbornene probe also
revealed a superior chemoselectivity when compared to a
commonly used dimedone probe. Together, these results
advance the study of cysteine oxidation in biological systems.

C

The standard reagent used for detecting cysteine sulfenic
acids is dimedone (5,5-dimethyl-1,3-cyclohexanedione)4 and
derivatives labeled with biotin,5,6 ﬂuorophores,6 alkynes,7 or
azides.8,9 While dimedone probes are reported to be selective
for the sulfenic acid oxidation state of cysteine, they often react
slowly.10,11 To increase the reactivity of sulfenic acid probes, a
number of structural variations of dimedone and carboncentered nucleophiles have been explored,10,12,13 but there
remains a need for probes that react both rapidly and
selectively with cysteine sulfenic acid.
Recently, we investigated norbornene derivatives as cysteine
sulfenic acid traps.11 In this strategy, the oleﬁn reacts with the
sulfenic acid through a strain-promoted group transfer reaction
(Figure 1a). This reaction was validated on small-molecule
models, which revealed a higher reaction rate than dimedone.11
A similar strategy has also been explored using cyclooctynes to
trap sulfenic acids,14,15 but these highly strained probes suﬀer
from oﬀ-target reactions, particularly with biological thiols.11,16,17 With less strain, norbornene is more selective than
cyclooctynes.11 Another beneﬁt of the norbornene scaﬀold is
that it is straightforward to synthesize and modify, enabling
access to biotin- and alkyne-tagged derivatives such as 1 and 2
(norb-bio and norb-yne, respectively, Figure 1b).11

ysteine residues on proteins react with cellular oxidants
such as hydrogen peroxide, superoxide, and peroxynitrite.1,2 One product of these reactions, cysteine sulfenic acid
(Figure 1a), is linked to a variety of redox regulation

Figure 1. (a) Strain-promoted ligation of norbornene with sulfenic
acids (ROS = reactive oxygen species). (b) Norbornene probes
containing detectable tags.11

mechanisms and signaling pathways and may serve as a
biomarker for oxidative stress.3 To understand the cellular and
physiological roles of cysteine sulfenic acid, it is important to
be able to detect its formation on proteins.1,2 Such analyses are
challenging because cysteine sulfenic acids are sometimes
short-lived. Additionally, selective detection of the sulfenic acid
oxidation state must occur in the presence of thiols, disulﬁdes,
sulﬁnic acids, and other derivatives of cysteine.
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Information S10−S12). Treating papain (7 μM) with H2O2
(2.8 mM) led to oxidation and complete loss of enzyme
activity (Supporting Information S10−S12).19 Treating the
oxidized papain with reducing agent dithiothreitol (DTT) led
to partial recovery of activity (Supporting Information 10−
S12). This result is consistent with the formation of cysteine
sulfenic acid and higher oxidation states of cysteine and then
reduction of the cysteine sulfenic acid back to the active thiol.
In contrast, when norbornene derivative 3 was present during
the oxidation at a concentration of 53 mM, no enzyme activity
could be recovered using DTT because of the formation of the
stable sulfoxide adduct 4 (Figure 2c). Importantly, the activity
of papain was not aﬀected by 3 in the absence of H2O2 (Figure
2c), indicating it did not react with the active site thiol.
Biotin-labeled norbornene derivative 1 was also evaluated on
papain. In the event, papain (15 μM) was incubated with 1 (10
mM) both with and without H2O2 (2 mM) for 1 h at RT.
These reactions were carried out under an atmosphere of N2 or
in the presence of DTT to prevent air oxidation of Cys25
(Supporting Information S4, S12−S15).20 These reactions
were analyzed by SDS-PAGE and Western blotting. Probe 1
only labeled papain in the presence of H2O2 (Figure 2d).
With the norbornene probes validated on a protein model,
cell lysates were examined next. To determine optimal labeling
conditions, the concentrations of H2O2 and probes 1 and 2
were systematically varied (Supporting Information S15−S20).
Accordingly, HeLa cell lysates were treated with the
norbornene probe (0.1 to 3 mM), followed by H2O2 (0 to 2
mM) for 1 h at RT. Samples were then puriﬁed with size
exclusion columns to remove excess probe. For probe 1,
samples were analyzed directly by SDS-PAGE and Western
blotting. For probe 2, samples were ligated to an azide-tagged
biotin derivative prior to SDS-PAGE (Figure 3a,b). Labeling
proﬁles were also compared to the widely used dimedone
derivative DCP-Bio1 (6) using the same protocol (Figure
3c).6,21
For both norbornene probes, increased labeling was
observed with increased probe concentration and increased
H2O2 concentration (Figure 3a,b). As a control, lysates were
also pretreated with H2O2 (2 mM) for 30 min before addition
of the norbornene probes. In this case, no signiﬁcant protein
labeling was observed. Overoxidation to the sulﬁnic or sulfonic
acids is likely; neither react with the norbornene-based
probes11 (Figure 3a,b, far right lane). When the norbornene
probes were added to lysate pretreated with the reducing agent
tris(2-carboxyethyl)phosphine (TCEP), no labeling was
observed because any endogenous sulfenic acid would be
reduced by TCEP (Figure 3a,b, far left lane). This outcome
also indicates that the norbornene probe does not react with
cellular thiols under the conditions of the assay. Together, the
results in Figure 3 indicate that norbornene probes are highly
selective for cysteine sulfenic acid, even in a complex protein
mixture. Nonselective labeling was only observed if excess 1
was not removed before denaturing proteins at elevated
temperatures (∼95 °C, Supporting Information S22). Under
these conditions, it is possible that the norbornene probes can
react directly with thiols through a thiol−ene reaction.
Therefore, to avoid these false positives, it is important to
remove excess probe with a desalting column or size-exclusion
chromatography before denaturing proteins for SDS-PAGE
analysis.
Interestingly, dimedone probe 6 led to a diﬀerent labeling
proﬁle than norbornene probes 1 and 2 (Figure 3c). The

Motivated by these promising small-molecule studies,11 we
carried out the ﬁrst evaluation of norbornene derivatives as
probes for cysteine sulfenic acid on proteins. Cysteine sulfenic
acid was detected on a model protein, in HeLa cell lysates, and
in living HeLa cells. Probes 1 and 2 displayed a diﬀerent
reactivity proﬁle and superior selectivity when compared to a
widely used dimedone probeproviding a new tool for the
selective detection and analysis of cysteine sulfenic acid.
Norbornene derivative 3 was ﬁrst tested on the cysteine
protease papain. Papain has a single free cysteine in its active
site (Cys25) that can be oxidized with hydrogen peroxide18 to
generate a model cysteine sulfenic acid.4,6,8 After optimization
studies (Supporting Information S2−S12), papain was treated
with probe 3 before adding H2O2 (Figure 2a). After incubating

Figure 2. (a) Reaction of papain with H2O2, in the presence of probe
3. (b) LC-MS analysis revealing the detection of sulfoxide 4 and
sulﬁnic acid 5. (c) Activity assay of papain. Probe 3 reacts with and
inhibits papain only in the presence of H2O2. (d) Western blot of
papain after treatment with H2O2 (2 mM) in the presence of biotinlabeled probe 1 (10 mM).

for 1 h at RT, the excess probe and oxidant were removed
using a centrifugal concentrator. The protein was then
analyzed by liquid chromatography−mass spectrometry (LCMS, Figure 2b). Two clear signals were observed in the
deconvoluted mass spectrum (Figure 2b). The signal at 23 619
Da is consistent with sulfoxide adduct 4, expected to form after
reaction of the probe with the sulfenic acid of papain. This was
the ﬁrst demonstration of norbornene derivatives as cysteine
sulfenic acid traps on proteins. The signal at 23 457 Da is
consistent with conversion of the active site cysteine to the
sulﬁnic acid (5), a product of overoxidation (Supporting
Information S5). Importantly, no reaction of 3 was observed
with papain in the absence of H2O2 (Supporting Information
S6), demonstrating selective reaction of the norbornene probe
with the sulfenic acid oxidation state of cysteine.
Reaction at the active site cysteine of papain was consistent
with enzyme activity assays (Figure 2c and Supporting
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Figure 3. Assessment of 1, 2, and 6 as probes for cysteine sulfenic acid in HeLa cell lysates. Probes were added to the lysates as solutions in DMSO
before the addition of H2O2. The reactions were carried out for 1 h at RT. All samples were puriﬁed using a size exclusion spin column before SDSPAGE analysis and Western blotting. Probe 2 was modiﬁed with a biotin-containing azide before SDS-PAGE. Western blots were developed using
an Alexa Fluor 555 streptavidin conjugate.

diﬀerent protein hits may reﬂect the diﬀerent size and distinct
reaction mechanisms of the norbornene and dimedone probes.
Dimedone probe 6 also labeled proteins in the control
experiment in which the lysates were pretreated with H2O2 30
min before the addition of the probe (Figure 3c, far right lane).
It was thought that under these conditions cysteine sulfenic
acids would be overoxidized before the addition of the probe,
so 6 may react unselectively with other residues in this
situation. It is known, for instance, that dimedone can react
with amines,22 even at RT under certain conditions,23 but it is
not clear what is causing the nonselective labeling in this
experiment. Nonselective labeling was also observed when 6
was added to cell lysates pretreated with the reducing agent
TCEP (Figure 3c, far left lane). Previous studies have indicated
that 6 can label proteins nonselectively if cysteine thiols are not
alkylated.21 The presence of TCEP apparently exacerbates this
problem by increasing thiol concentration through reduction
of protein disulﬁdes. A similar outcome was observed if DTT
was used in the prereductionagain leading to nonselective
labeling by dimedone derivative 6 (Supporting Information
S23, S24). Even with attempts to remove excess 6 before SDSPAGE analysis, oﬀ-target labeling was observed (Supporting
Information S23, S24). These results indicate dimedone probe
6 is not as selective as norbornene derivatives 1 and 2. These
results also prompt a cautionary note that false positives are
possible when using probe 6 in the presence of free thiols or in
experiments in which reducing conditions are established by
adding TCEP or DTT to protein mixtures.
Returning to the evaluation of the norbornene probes,
proteomics analysis was used to conﬁrm the site of labeling for
representative hits. Accordingly, after labeling cell lysates with
probe 2, the 45 kDa band was excised, digested with
chymotrypsin, and analyzed by LC-MS/MS (Supporting
Information S25). This band was selected because it was a
prominent signal for both probes 1 and 2 in the Western blot.
The expected product formed from the reaction of 2 with
cysteine sulfenic acid was indeed detected on two separate
actin proteins (Supporting Information S25), providing

additional conﬁrmation of the site- and chemoselectivity of
the norbornene probe.
The norbornene probes were tested in living cells next. The
toxicity of probes 1 and 2, the DMSO vehicle, and H2O2 were
ﬁrst assessed over a 5 h exposure period to help identify
conditions suitable for live cell analysis. The concentration of 1
was tolerated up to 3 mM, with 75−80% viability over 72 h
after replacing the growth media (Supporting Information
S26). Probe 2, however, had limited solubility at 3 mM and
was toxic to cells, leading to a complete loss of cell viability
(Supporting Information S26). Therefore, probe 2 was not
considered further. The DMSO vehicle was tolerated up to 1%
by volume, with 80% cell viability (Supporting Information
S26). Generally, DMSO concentrations higher than 0.5% by
volume can be toxic to cells.24 However, many live cell sulfenic
acid studies have used DMSO concentrations up to 2%.7,9
H2O2 was tolerated by cells up to 0.33 mM, but 1 mM H2O2
led to total cell death after 5 h of exposure to the oxidant
(Supporting Information S26). Similar toxicity levels of H2O2
have been reported previously, but the values vary widely.25 In
these cases, cells are most likely dying due to extreme oxidative
stress.26
Guided by this toxicity data, the labeling of cysteine sulfenic
acid residues was tested in live cells (Figure 4 and Supporting
Information S27−S29). In these experiments, HeLa cells were
treated with a solution of 1 in DMSO so that the probe
concentration was 1 or 3 mM and the ﬁnal concentration of
DMSO was 0.33% or 1% by volume, respectively. The cells
were then incubated for 2 h at 37 °C before the addition of
H2O2. This initial incubation period was designed to allow the
probe to enter the cell before inducing oxidative stress. After
the addition of the H2O2, the cells were incubated for an
additional 2 h before they were harvested, washed, and lysed.
The protein lysate was then analyzed by SDS-PAGE and
Western blotting. Protein labeling increased with increasing
concentration of 1 and labeling was only observed in the
presence of hydrogen peroxide (Figure 4). With increasing
concentrations of H2O2 (0.5−2.0 mM), labeling also increased
(Supporting Information S27, S28). In contrast to the cell
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lysate experiments in Figure 3, the same labeling was observed
whether or not the protein mixtures were passed through a size
exclusion column before SDS-PAGE and Western blotting, so
this precaution does not seem to be necessary for live cell
experiments (Supporting Information S29). We are currently
embarking on a dedicated proteomics study to annotate these
hits and evaluate them against the known sulfenome.
In summary, norbornene probes were evaluated in the
detection of cysteine sulfenic acid on proteins and in cells. The
norbornene probes are straightforward to prepare and
selectively react with the sulfenic acid oxidation state of
cysteine. The norbornene probes were more selective than
commonly used dimedone probe 6. These studies will help
advance the understanding of cysteine oxidation and its role in
oxidative stress and redox signaling.
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