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ABSTRACT: Sulfenic acid is formed upon oxidation of thiols and is a central intermediate in the redox
modulation of an increasing number of proteins. Methods for quantifying or even detecting sulfenic acid
are scarce. Herein, the reagent 7-chloro-4-nitrobenz-2-oxa-1,3-diazole was determined not to be suitable
as a chromophoric probe for sulfenic acid in human serum albumin (HSA-SOH) because of lack of
specificity. Thionitrobenzoate (TNB) reacted with HSA exposed to hydrogen peroxide, but not control or
thiol-blocked HSA. The reaction was biphasic. The first phase was∼20-fold faster than the second phase
and first order in HSA-SOH and TNB (105( 11 M-1 s-1, 25 °C, pH 7.4), allowing quantitative data on
HSA-SOH formation and reactivity to be obtained. Exposure of reduced HSA (0.5 mM) to hydrogen
peroxide (4 mM, 37°C, 4 min) yielded 0.18( 0.02 mol of HSA-SOH per mol of HSA. HSA-SH
reacted with hydrogen peroxide at 2.7( 0.7 M-1 s-1 (37 °C, pH 7.4), while HSA-SOH reacted at 0.4
( 0.2 M-1 s-1, yielding sulfinic acid (HSA-SO2H), as detected by mass spectrometry. The rate constants
of HSA-SOH with targets of analytical interest such as dimedone and sodium arsenite were determined.
HSA-SOH did not react appreciably with the plasma reductants ascorbate or urate, nor with free basic
amino acids. In contrast, HSA-SOH reacted rapidly with the plasma thiols cysteine, glutathione,
homocysteine, and cysteinylglycine at 21.6( 0.2, 2.9( 0.5, 9.3( 0.9, and 55( 3 M-1 s-1 (25 °C, pH
7.4), respectively, supporting a role for HSA-SOH in the formation of mixed disulfides.

Reactive oxygen species are produced by aerobic metabo-
lism and at elevated rates in diverse pathophysiological
conditions. Proteins are preferential targets for reactive
oxygen species, and cysteine (Cys)1 residues are particularly
susceptible to oxidation. With one- and two-electron reduc-
tion potentials ofE°′(CysS•/CysSH) ) 0.92 V and E°′-
(CysSSCys/CysSH)) -0.24 V (1, 2), cysteine can be
oxidized by a wide spectrum of oxidant species. Cysteine
oxidation modulates signaling mechanisms, coupling changes
in the redox state to cellular processes (3, 4). Among the
different oxidation products, sulfenic acid (RSOH) has been
identified in a growing list of redox-susceptible proteins
where it serves catalytic or regulatory functions (5, 6).

Sulfenic acid is mainly formed after the two-electron
oxidation of a thiol with oxidants such as hydrogen peroxide
and peroxynitrite (7) and exhibits both nucleophilic and
electrophilic reactivity. Consequently, it can react with a
thiol, leading to a disulfide, or condense with another sulfenic
acid to form a thiosulfinate (RS(O)SR) (5, 8, 9). Due to its
high reactivity, sulfenic acid was considered a transient
intermediate in the oxidation of thiols. However, stabilized
sulfenic acids have been identified recently in several
proteins, where the absence of proximal thiols is the main
factor to account for stabilization (6, 10).

Sulfenic acid does not possess distinguishing UV-vis
absorbance or fluorescence features; thus, different tools and
chemical methods have been developed for trapping and
identifying this functional group. Since there are few
electrophilic groups in proteins, the fact that nucleophiles
can react with the sulfur atom of sulfenic acid can be used
for its detection. The nucleophilic reagent dimedone (5,5-
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dimethyl-1,3-cyclohexanedione) reacts specifically with sulfen-
ic acid to form a stable thioether adduct (11) which can be
identified by mass spectrometry or using radioactively
labeled compounds. Recently, modified dimedones have been
designed that yield fluorescent or biotinylated products (12,
13). Sulfenic acid can also be determined using thionitroben-
zoate (TNB), another nucleophilic reagent that forms mixed
disulfides and results in a loss in the absorbance at 412 nm
(14-17). The electrophilic reagent 7-chloro-4-nitrobenz-2-
oxa-1,3-diazole (NBD-Cl) has also been employed to detect
sulfenic acid in several proteins including HSA (18-22).
Finally, sulfenic acid can be detected after its reaction with
arsenite, since arsenite reduces sulfenic acid back to the thiol
but does not reduce disulfides. Arsenite has been used in
proteomic studies (23). However, suitable approaches for
obtaining quantitative and kinetic data are scarce; hence,
information regarding the properties and reactivity of bio-
logical sulfenic acid is limited.

Human serum albumin (HSA) is the most abundant protein
in plasma (0.6 mM), representing∼60% of the total protein.
Among its 585 amino acids it contains 35 cysteines, 34 of
which form disulfide bonds, leaving one free cysteine, Cys34
(24). About 70% of circulating HSA contains this Cys34 in
the reduced state and is known as mercaptalbumin. The non-
mercaptalbumin fraction contains mostly mixed disulfides
with cysteine and other low molecular weight thiols, while
a significant amount is oxidized to higher oxidation states
such as sulfinic and sulfonic acids (HSA-SO2H and HSA-
SO3H). The HSA thiol (HSA-SH) is the preferential plasma
target of the reactive species generated by xanthine oxidase,
which include superoxide, hydrogen peroxide, and hydroxyl
radical (25). Oxidation most likely implied the formation of
sulfenic acid (HSA-SOH), because it reverted with thiol
reductants and no intermolecular disulfides were formed.
Mass spectral analysis provided definitive evidence for the
formation of a sulfenic acid (22). HSA-SH reacts with
hydrogen peroxide and peroxynitrite with rate constants of
2.26 and 3.8× 103 M-1 s-1 (37 °C, pH 7.4), respectively
(22, 26). Although this thiol does not react particularly fast
with oxidants compared, for example, to peroxiredoxins, it
remains an important scavenger of intravascular reactive
species due to its high plasma concentration (0.4-0.5 mM).
In fact, oxidized forms of HSA have been found increased
in several pathological conditions (27-30), and HSA-SOH
could be an intermediate in their formation (22).

Characterizing the formation and properties of sulfenic acid
in a protein such as HSA is complicated by HSA being a
large multidomain protein that binds different ligands, some
of them allosterically (24). In addition, HSA contains 17
disulfide bridges with at least 1 accessible (31) and presents
pH-dependent structural transitions (24). We developed a
strategy for quantifying HSA-SOH on the basis of its
reaction with the chromophoric thiol TNB and determined
the reactivity of HSA-SOH with targets of analytical and
biological interest.

EXPERIMENTAL PROCEDURES

Materials.HSA was from ZLB Bioplasma, Switzerland.
These HSA preparations intended for clinical use typically
contain∼0.2 HSA-SH/HSA. Hydrogen peroxide was from
J. T. Baker, sequencing grade trypsin was from Promega,

the Micro Bio-Spin chromatography columns were from Bio-
Rad, and the Q-Sepharose fast flow resin and PD-10 gel
filtration columns were from Amersham-General Electric
Healthcare. The remaining reagents were from Sigma.
Absorbance determinations were made in a Shimadzu UV-
1603 or a Varian Cary 50 spectrophotometer. An Applied
Photophysics RX2000 rapid kinetics accessory was used for
stopped flow experiments.

Solutions.All assays, unless specified, were performed in
0.1 M phosphate buffer, pH 7.4, containing 0.1 mM
diethylenetriaminepentaacetic acid (DTPA). Hydrogen per-
oxide solutions were prepared in nanopure water, and their
concentration was determined spectrophotometrically at 240
nm (ε ) 43.6 M-1 cm-1) (32). Catalase solutions were
prepared in phosphate buffer, and the apparent first-order
rate constant at 10 mM hydrogen peroxide was determined
to estimate their concentration (33). NBD-Cl (100 mM) was
prepared in dimethyl sulfoxide, dimedone (1 M) in 95%
ethanol, andp-nitrophenyl acetate (100 mM) in acetonitrile.
Ascorbate (0.5 M) and sodium arsenite (0.2 M) were
prepared in phosphate buffer, and the pH was adjusted to
7.4. Urate (0.05 M) was prepared in NaOH (0.3 M).
L-Alanine, L-histidine,L-lysine, L-arginine,L-cysteine, glu-
tathione, and cysteinylglycine were prepared in nanopure
water. Homocysteine was prepared fromDL-homocysteine
thiolactone by incubation with NaOH (5 M) for 5 min at 37
°C followed by neutralization with HCl (5 M) and phosphate
buffer (0.2 M, pH 7.4). Thiol solutions were purged with
N2 for ∼5 min to avoid oxidation, and the thiol concentration
was determined with 5,5′-dithiobis(2-nitrobenzoate) (DTNB)
before and after the experiment. DTNB for thiol measure-
ments was prepared in pyrophospate buffer (0.1 M, pH 9).

HSA Solutions.HSA was delipidated with activated
charcoal (34), and its thiol was reduced by overnight
incubation with 2-mercaptoethanol (10 mM) at 4°C. Excess
reductant was removed by gel filtration on PD-10 columns
equilibrated with phosphate buffer. The HSA concentration
was determined from the absorbance at 279 nm (ε ) 0.531
(g/L)-1 cm-1) assuming a molecular mass of 66486 Da (24,
35). Reduced HSA solutions thus prepared had a concentra-
tion of ∼1 mM and typically 0.65-0.86 HSA-SH/HSA.
The HSA thiol was blocked by incubation with a 7-fold
excess of NEM or equimolar HgCl2 for 30 min at room
temperature followed by gel filtration.

Oxidation of HSA.To obtain HSA-SOH, reduced HSA
(0.5 mM) was incubated with 4 mM hydrogen peroxide for
4 min at 37°C in phosphate buffer (0.1 M, pH 7.4, 0.1 mM
DTPA). Reactions were stopped by the addition of enough
catalase to consume 90% of the hydrogen peroxide in 1 s.
The solutions thus prepared were maintained on ice, used
without further purification, and called “oxidized HSA”.

Thiol Determination.In reduced HSA, thiols were mea-
sured with DTNB after incubation with excess reagent in
sodium pyrophosphate buffer (0.1 M, pH 9) for 5 min in
the dark. An absorption coefficient at 412 nm of 14 150 M-1

cm-1 (36) was used to quantify the TNB formed. Because
TNB reacts with HSA-SOH, when HSA was previously
oxidized, thiols were determined withp-chloromercuriben-
zoate (p-CMB) (37, 38). Briefly, HSA (30µM) was titrated
by adding aliquots ofp-CMB in Tris buffer (0.1 M, pH 7.5)
and recording the increase in absorbance at 250 nm.
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Product Formation with NBD-Cl and Esterase-like ActiV-
ity. NBD-Cl (0.4-10 mM) was added to HSA (0.5 mM),
incubated for 30 min at 37°C, and subjected to gel filtration.
UV-vis spectra were obtained for reduced, oxidized, and
thiol-blocked HSA. The esterase-like activity of HSA was
determined by mixingp-nitrophenyl acetate (5µM) with
HSA (25µM) and following the appearance ofp-nitrophenol
at 400 nm (39, 40).

TNB Synthesis and Purification.Solutions of TNB, free
of DTNB, were prepared by reduction with 2-mercaptoet-
hanol followed by ion exchange chromatography. Briefly,
DTNB (5 mM) was prepared in water, alkalinized until
complete dissolution, and incubated with a 20-fold excess
of 2-mercaptoethanol for 30 min at room temperature; a
100% yield of TNB was obtained. To remove the remaining
2-mercaptoethanol, the sample was applied to an ion
exchange chromatography column (Q-Sepharose fast flow)
equilibrated with Tris buffer (pH 7.5, 20 mM). The column
was washed with the same buffer and then with water. To
elute TNB from the column, HCl (50 mM) was used. The
acidic TNB solution was aliquoted and stored at-20 °C.
Absence of DTNB from the TNB solutions was confirmed
before each experiment by the lack of absorbance increase
at 412 nm after addition of glutathione, 2-mercaptoethanol,
or reduced HSA.

Reaction between HSA-SOH and TNB.Oxidized HSA
(50 µM) was incubated with TNB (70µM), and the
absorbance at 412 nm was recorded at 25°C. Since the yield
of HSA-SOH was∼18%, this TNB concentration repre-
sented a pseudo-first-order excess. Controls with reduced and
thiol-blocked HSA and without HSA were included.

Reaction of HSA-SH and HSA-SOH with Hydrogen
Peroxide. Reduced HSA (0.5 mM) was incubated with
hydrogen peroxide (4 mM) at 37°C. At increasing times,
aliquots (50µM) were mixed with catalase and TNB (70
µM) previously equilibrated at 25°C. The absorbance at 412
nm was recorded for 30 s, and the initial rate of the
absorbance decrease was determined to evaluate the HSA-
SOH concentration.

Reaction of HSA-SOH with Dimedone, Sodium Arsenite,
Urate, and Ascorbate.Oxidized HSA (0.5 mM) was incu-
bated at 37°C in the absence or presence of sodium arsenite
(8.7-30 mM), dimedone (90-167 mM), urate (1 mM), or
ascorbate (20 mM). At increasing times, aliquots (50µM)
were mixed with TNB (70µM) previously equilibrated at
25 °C, and the absorbance at 412 nm was recorded for 30 s.
The time-dependent decrease in the initial rate was fitted to
a single-exponential plus offset equation to determine the
pseudo-first-order rate constantkobs at each reagent concen-
tration. Second-order rate constants were determined from
kobs versus concentration plots.

Reaction of HSA-SOH with thiols and amines.The rate
constants of the reactions of HSA-SOH with thiols were
determined using a competition approach with TNB. Oxi-
dized HSA (50µM) was mixed with TNB (70µM) in the
absence or presence of increasing concentrations of cysteine
(0.2-1 mM), glutathione (1-7 mM), homocysteine (1-5
mM) or cysteinylglycine (0.11-0.42 mM) using a stopped
flow accessory. The absorbance at 412 nm was recorded for
5-15 min at 25°C and fitted to a single-exponential plus
straight line equation. This approach was also used to

evaluate whether HSA-SOH reacted with alanine (10 mM),
histidine (20 mM), lysine (10 mM), or arginine (10 mM).

Electrospray Ionization Mass Spectrometry (ESI-MS)
Analysis.For the analysis of the intact protein in samples
exposed to TNB, oxidized or reduced HSA (50µM) was
incubated with TNB (70µM) at 25 °C. Aliquots were
removed at 10 min and 2 h, treated or not treated with
dithiothreitol (DTT, 10 mM, 20 min), and passed twice
through Micro Bio-Spin columns equilibrated with 1% acetic
acid. Samples were diluted in 1% acetic acid and 50%
methanol to a final concentration of 1µM and introduced
using a syringe pump at a flow rate of 10µL min-1 into a
QTRAP 2000 mass spectrometer (Applied Biosystems/MDS
Sciex). Positive ion ESI mass spectra were collected using
anm/z range of 1000-1700, with ion spray voltage (IS) 5500
V, declustering potential (DP) 50 V, and entrance potential
(EP) 10 V. Data acquisition was set to 2 min with a 140
mass spectrum average, and the final mass of intact HSA
was calculated by automatic deconvolution using Analyst
1.4 software.

For the analysis of the tryptic fragment containing Cys34
in HSA samples exposed to hydrogen peroxide for increasing
times, the protein was diluted to 75µM in ammonium
bicarbonate (50 mM, pH 8.2) and incubated overnight with
trypsin (HSA to trypsin ratio of 200:1). The peptide mixture
was diluted 26-fold in 1% acetic acid and 50% methanol,
injected into the mass spectrometer, and analyzed directly
in the enhanced resolution (ER) mode to obtain high-
resolution mass spectra and confirm the peptide charges. MS/
MS for a specific ion was obtained in the enhanced product
ion (EPI) mode using anm/z range of 100-1700, with IS)
5000 V, DP ) 20 V, temperature 150°C, and collision
energy (CE) 50 V.

Matrix-Assisted Laser Desorption Ionization Time of Flight
Mass Spectrometry (MALDI-TOF-MS) Analysis.Mass spec-
tra of digestion mixtures were acquired on a 4800 MALDI-
TOF-TOF analyzer system (Applied Biosystems) using a
matrix solution ofR-cyano-4-hydroxycynnamic acid in 50%
acetonitrile and 0.2% trifluoroacetic acid.

Data Processing.Data were plotted and analyzed using
OriginPro 6.1 (Microcal Software). Results are expressed as
the average( standard deviation of independent experiments.

RESULTS

NBD-Cl Is Not Suitable as a Chromophoric Probe for
HSA-SOH.To find a technique to quantify HSA-SOH, we
first attempted to trap HSA-SOH with NBD-Cl. The
sulfoxide product formed between sulfenic acid and NBD-
Cl absorbs at∼350 nm (18, 19, 21), while the product with
the thiol, a thioether, absorbs at greater wavelengths. For
reduced HSA, we observed a maximum at 400 nm, probably
involving the product between HSA-SH and NBD-Cl
(Figure 1A). As expected, treatment of HSA with hydrogen
peroxide led to a shift in absorbance to 353 nm suggestive
of HSA-SOH formation. Nevertheless, HgCl2- and NEM-
blocked HSA yielded similar results, showing that the
absorbance increase at∼350 nm was not due to the formation
of HSA-SOH. Rather, it was due to tight noncovalent
binding of NBD-Cl, which absorbs at 343 nm in aqueous
solution, since the peak disappeared when the samples were
denatured with sodium dodecyl sulfate (1%, 20 min, 37°C)
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and washed by ultrafiltration (not shown). Accordingly, when
reduced HSA was exposed to greater than stoichiometric
NBD-Cl concentrations, the absorbance at∼350 nm
increased (Figure 1B). In addition, new products were
observed at 480 nm, probably with amino groups (41-43).
Instead, at stoichiometric NBD-Cl concentrations, a peak
was recorded at 388 nm, suggesting that NBD-Cl reacted
preferentially with a tyrosine (42). This was confirmed by
∼80% inhibition of the esterase-like activity of HSA (not
shown), which depends on the very reactive tyrosine 411
(39, 40). As for the peak at 400 nm, since the reported
absorbance for the product with thiols is 420 nm (22, 43,
44), it is possible that it corresponds to the sum of the
product with the thiol and the product with tyrosine. Taken
together, our results show a variety of nonspecific reactions
and that NBD-Cl is not a suitable chromophore for HSA-
SOH.

Characterization of the Reaction between HSA-SOH and
TNB. A strategy for HSA-SOH quantification was devel-
oped on the basis of its reaction with TNB. Sulfenic acid
reacts with TNB as an electrophile. This is of relevance
because of limited electrophilic groups in proteins. Further-
more, thiols do not react with other thiols, so reduced thiols
do not interfere. When oxidized HSA (50µM) was mixed
with TNB (70µM), absorbance at 412 nm decreased (Figure
2). Plots of TNB concentration versus time were biphasic,
with a relatively fast phase that lasted∼15 min followed by
a 20-fold slower phase still occurring after 2 h. The kinetic
trace fitted a biexponential equation (eq 1) in agreement with

two consecutive or parallel reactions, whereA1 andA2 are
the amplitudes andkobs1 andkobs2 are the pseudo-first-order
rate constants of the first and second phases, respectively.
In addition, when the first 15 min of data were fitted to a
single-exponential plus straight line equation (eq 2), where

S represents the slope of the linear term, the kinetic
parameters obtained for the first phase (amplitude and
exponential rate constant) did not change (Figure 2, inset).

Although TNB was the reagent whose consumption was
being recorded, it was also the reagent in excess (pseudo-
first-order conditions). Therefore, by dividing the exponential
rate constants by the TNB concentration when half the
reaction had occurred, it was possible to determine the
second-order rate constants for the first and second phases,
105( 11 M-1 s-1 (n ) 18) and 4.3( 0.9 M-1 s-1 (n ) 4),
respectively.

Controls using reduced or NEM-blocked HSA, with or
without exposure to hydrogen peroxide, did not lead to
significant decreases in absorbance at 412 nm, showing that
TNB did not react with internal disulfides nor with other
oxidized amino acids (Figure 2, inset). Thus, the first phase
was assigned to the reaction of interest between HSA-SOH
and TNB to form a mixed disulfide (Scheme 1).

From the amplitude of the first phase, the ratio HSA-
SOH/HSA was determined as 0.18( 0.02 (n ) 25). This

FIGURE 1: UV-vis spectra of the products formed from HSA and NBD-Cl. (A) NBD-Cl (1 mM) was incubated (30 min, 37°C) with
reduced HSA (0.5 mM, 0.8 HSA-SH/HSA, s), HgCl2-blocked HSA (‚‚‚), oxidized HSA (4 mM H2O2, 4 min, 37°C, ---), and HgCl2-
blocked and oxidized HSA (-‚-), followed by gel filtration to remove unreacted NBD-Cl. (B) HSA (0.5 mM, 0.86 HSA-SH/HSA) was
incubated with 0.5 (---), 1 (s), 4 (‚‚‚) or 10 (-‚-) mM NBD-Cl for 30 min at 37°C and then subjected to gel filtration.

[TNB] ) A1 exp(-kobs1t) + A2 exp(-kobs2t) + offset (1)

[TNB] ) A1 exp(-kobs1t) + St+ offset (2)

FIGURE 2: Reaction of oxidized HSA with TNB. HSA (0.5 mM,
0.65 HSA-SH/HSA) was oxidized with hydrogen peroxide (4 mM,
4 min, 37 °C), and the reactions were stopped with catalase.
Aliquots (50 µM) were incubated with TNB (73µM), and the
decrease in TNB concentration was recorded at 412 nm, 25°C,
and pH 7.4 (gray trace). The black trace represents the best fit to
the biexponential (eq 1) function [TNB]) 7.0 exp(-0.40t) + 5.3
exp(-0.019t) + 60. (Inset) Controls with 65µM TNB and 50µM:
(a) reduced HSA; (b) NEM-blocked HSA; (c) NEM-blocked and
oxidized HSA (4 mM H2O2, 4 min, 37°C); (d) overoxidized HSA
(15 mM H2O2, 4 min, 37°C); (e) oxidized HSA (4 mM H2O2, 4
min, 37 °C).
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represented 32% of the oxidized thiols, since after exposure
to hydrogen peroxide (4 mM, 4 min, 37°C) the amount of
thiols per HSA decreased from 0.66( 0.09 to 0.09( 0.02
HSA-SH/HSA (n ) 4). When reduced HSA was oxidized
with 15 mM instead of 4 mM hydrogen peroxide, the
amplitude decreased, leading to 0.05 HSA-SOH/HSA.
Therefore, at increased hydrogen peroxide concentrations,
the thiol was partially oxidized to higher oxidation states
such as HSA-SO2H and HSA-SO3H, which did not react
with TNB. Last, oxidation of 0.5 mM HSA with another
oxidant such as peroxynitrite (ONOO-, 1 mM) led to the
detection of 0.14 HSA-SOH/HSA (not shown).

When the reaction was performed at increasing TNB
concentrations, a proportional increase in the pseudo-first-
order rate constant was observed (Figure 3A), while the
amplitude did not change (Figure 3A, inset), confirming that
the reaction is first-order in TNB. From the slope of thekobs

versus TNB concentration plot, the second-order rate constant
for the reaction of HSA-SOH with TNB was determined
as 104 M-1 s-1 (25 °C, pH 7.4), confirming the value
reported above. The fact that the intercept was close to zero
suggested that the reaction was, within experimental error,
irreversible. In contrast, when the concentration of oxidized
HSA was varied, the amplitude increased linearly (Figure
3B), corroborating that the amplitude of the first phase is
stoichiometric with HSA-SOH/HSA was confirmed to be
0.18. From the slope, the amount of HSA-SOH formed per
HSA was confirmed to be 0.18. As expected for a reaction
first order in HSA-SOH, the pseudo-first-order rate constant
did not change with concentration (Figure 3B, inset). In
addition to determining the HSA-SOH concentration from
the amplitude of the first phase, it can also be calculated
from the initial rate of TNB consumption, when less than
10% of the product has been consumed, after division by
the TNB concentration and by the second-order rate constant
(45) (Figure 3C). In fact, using this approach, we determined
that 0.18 HSA-SOH/HSA was formed, in excellent agree-
ment with the values obtained from the other plots.

At higher temperatures and TNB concentrations, a greater
consumption of TNB was observed in parallel with an
increase in the absorbance at 279 nm (not shown), suggesting
that the protein was partially denatured and exposed internal
disulfide bonds that reacted with TNB. For this reason,
reactions were always performed at 25°C and∼70µM TNB.

To confirm the formation of the mixed disulfide between
TNB and HSA-SOH in the first phase of the reaction, we
performed mass spectrometric analysis of the intact protein.
Aliquots of oxidized HSA treated with TNB for 10 min
exhibited a peak with a mass increase of 194( 4 Da
corresponding to∼46% of the total protein. This peak,
consistent with the addition of one TNB (198 Da), was
partially reversed with DTT, confirming the formation of a
mixed disulfide. However, this peak was also observed,
although to lower extents (∼25% of the total protein), when
reduced HSA was treated with TNB, suggesting that TNB
binds tightly to HSA, even in the acidic analytical conditions.

As for the second phase, we evaluated whether it was due
to the reaction between the mixed HSA-TNB disulfide and
a second TNB to form DTNB and reduced HSA. However,
at long reaction times (2 h), we did not recover reduced HSA
according to mass spectrometric measurements confirmed
spectrophotometrically (not shown). Thus, the nature of the
second phase of the reaction between HSA-SOH and TNB

Scheme 1: Reaction between HSA-SOH and TNB

FIGURE 3: Dependence of the reaction between TNB and oxidized
HSA on the concentrations. (A) Aliquots (37.5µM) of oxidized
HSA (4 mM H2O2, 4 min, 37 °C) were added to increasing
concentrations of TNB, and the absorbance was recorded for 15-
30 min (412 nm, 25°C, pH 7.4). Thekobs and amplitude (inset) of
the first phase of the reaction for each TNB concentration were
obtained from the fit to an exponential plus straight line function
(eq 2). (B) Aliquots of increasing concentrations of oxidized HSA
were added to TNB (70µM). The absorbance at 412 nm was
recorded, and the amplitude andkobs (inset) of the reaction were
determined. (C) The first 30 s of the data in (B) were fitted to a
straight line to determine the initial rate (Vo).
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is not well defined, but does not prevent the use of TNB as
a sulfenic acid probe. Last, we determined the rate constant
of the reaction between DTNB and HSA-SH as 14.8( 0.8
M-1 s-1 at 25 °C, pH 7.4, and ionic strength∼0.25 (not
shown).

Stability of HSA-SOH.Using the reaction with TNB, we
studied the stability of HSA-SOH. Oxidized HSA was
incubated at 4, 25, or 37°C, and the initial rate of TNB
consumption, indicative of the HSA-SOH concentration,
was followed. HSA-SOH was stable in phosphate buffer
at 4 °C, with more than 95% remaining after 1 h, but
gradually disappeared at 25 and 37°C. Further analysis
showed that at 37°C the first-order rate constant of
spontaneous decay was (1.7( 0.3) × 10-3 s-1 (n ) 10,
Figure 4). Similar results were obtained when unreacted
hydrogen peroxide was eliminated by gel filtration rather
than by addition of catalase. It is noteworthy that, even at
long reaction times, when most HSA-SOH had decayed,
we systematically observed that the solutions maintained a
certain ability to consume TNB (∼0.016µM s-1). The reason
for this consumption is unknown. Preliminary experiments
suggest that it could be related to the second phase of the
reaction between TNB and oxidized HSA. Samples allowed
to decay at 37°C for 40 min were analyzed through SDS-
PAGE and ESI and MALDI-TOF MS. No dimers were
observed through SDS-PAGE under reducing or nonreduc-
ing conditions, and no peptides with the masses expected
for possible sulfenic acid derivatives (-2, +14, +30, +32,
or +48 Da; see the discussion below) of the Cys34 tryptic
fragment could be detected through MS.

Reaction of HSA-SOH with hydrogen peroxide.Previous
work has shown that HSA-SH reacts with hydrogen
peroxide, yielding HSA-SOH with a second-order rate
constant of 2.26 M-1 s-1 (37 °C, pH 7.4) (22):

In addition, HSA-SOH can react with a second hydrogen
peroxide, yielding sulfinic acid (HSA-SO2H):

To determine the rate constants for these two reactions, we
followed the initial rate of TNB consumption, indicative of
the HSA-SOH concentration. As shown in Figure 5, when
reduced HSA was mixed with hydrogen peroxide, the initial
rate first increased with time as expected but then decreased
due to further oxidation of HSA-SOH with excess hydrogen
peroxide. The plot of the initial rate versus time fitted a
biexponential function (eq 1) with amplitudes of opposite
sign, in agreement with the two consecutive reaction mech-
anism with HSA-SOH as the intermediate (eqs 3 and 4)
(45). From the nonlinear least-squares analysis, and after
correction for the spontaneous decay of HSA-SOH, the rate
constants for both processes were determined. Thus, the
formation of HSA-SOH occurred with a second-order rate
constant of 2.7( 0.7 M-1 s-1 (n ) 4, 37 °C, pH 7.4), in
accordance with the previous report (22). In turn, the reaction
of HSA-SOH with hydrogen peroxide occurred with a
second-order rate constant of 0.4( 0.2 M-1 s-1 (n ) 4, 37
°C, pH 7.4). The maximum yield of HSA-SOH/HSA
expected for these two consecutive reactions was calculated
as 0.42( 0.08 (45). However, the maximum yield obtained
experimentally was 0.20( 0.04 HSA-SOH/HSA. Experi-
ments with higher hydrogen peroxide concentrations had
interference by evolution of dioxygen after the reaction of
catalase with hydrogen peroxide.

Mass spectrometry analysis confirmed the formation of
HSA-SO2H (eq 4). In tryptic digests of HSA exposed to 4
mM hydrogen peroxide for 30 min, a peptide with the mass
expected for the Cys34-containing fragment (residues 21-
41, ALVLIAFAQYLQQC34PFEDHVK, 2432.3 Da)+ 32
Da was detected through ESI-MS as the doubly charged [M
+ 2H]2+ species,m/z 1233.2 (Figure 6). The peptide could
be detected, although with∼3-fold lower intensity, in control
and 4 min samples, in accordance with HSA-SO2H being
present in stock solutions. MS/MS of the [M+ 2H]2+ parent
ion led to the detection of several b and y daughter ions that
confirmed the identity of the fragment (Figure 6B). The b14

ion (1594.4) clearly showed the+32 Da mass increase
associated with the Cys34 sulfinic acid modification. It is
noteworthy that the fragmentation pattern showed one major

FIGURE 4: Stability of HSA-SOH at 37°C. Oxidized HSA was
incubated at 37°C. At increasing times, aliquots (50µM) were
mixed with TNB (70µM) and the initial rate of the absorbance
decay at 412 nm and 25°C was measured. The solid line represents
the best fit to the single-exponential functionV0 ) 0.070 exp(-
0.11t) + 0.015.

FIGURE 5: Reaction of HSA-SH and HSA-SOH with hydrogen
peroxide. HSA (0.5 mM, 0.77 HSA-SH/HSA) was incubated with
hydrogen peroxide (4 mM) at 37°C. At increasing times, aliquots
(50 µM HSA) were mixed with catalase and TNB (70µM) and
the initial rate of the absorbance decay at 412 nm and 25°C was
measured. The solid line represents the best fit to the biexponential
function V0 ) -0.30 exp(-0.56t) + 0.28 exp(-0.25t) + 0.016.

HSA-SH + H2O2 f HSA-SOH+ H2O (3)

HSA-SOH+ H2O2 f HSA-SO2H + H2O (4)
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species, the y7 ion. This, together with the b14 ion, suggests
that the peptide was predominantly fragmented at the
cysteinesulfinic acid-proline bond. In addition, an ion with
a mass corresponding to b14 - 65 Da was observed,
consistent with loss of the SO2H moiety. Through MALDI-
TOF-MS (not shown), the tryptic fragment containing
cysteinesulfinic acid was only detected in the sample exposed
to hydrogen peroxide for 30 min, but not in the control nor
4 min sample. The MS/MS analysis led to the detection of
only two ions, the y7 and b14 ions, confirming the results
obtained by ESI-MS.

Reaction of HSA-SOH with Dimedone and Sodium
Arsenite.The reactions with dimedone and arsenite, two
reagents typically used for sulfenic acid detection, were
relatively slow, although appreciable rate constants were
measured for both (Table 1). Controls showed that neither
dimedone nor arsenite reacted with TNB nor DTNB. In the
case of dimedone, no effect of the ethanol solvent was

detected, and in the case of arsenite, the pH was controlled
to prevent alkalinization. Arsenite partially reduced HSA-
SOH back to thiol, since incubation of oxidized HSA with
0.167 M arsenite (10 min, 37°C) led to an increase in HSA-
SH/HSA of 0.051. This represents a 28% recovery with
respect to the initial amount of HSA-SOH/HSA (0.18(
0.02), which can be explained in part because the spontane-
ous decay of HSA-SOH (k ) 1.7 × 10-3 s-1) competed
with the reaction with arsenite (k ) 0.036 M-1 s-1).

Reaction of HSA-SOH with Urate and Ascorbate.Mil-
limolar concentrations of the plasma reductants ascorbate and
urate did not increase the rate of HSA-SOH decay at
37 °C and pH 7.4. Furthermore, they did not reduce HSA-
SOH back to HSA-SH as measured with DTNB (not
shown). The pH was controlled in these experiments, and
no reaction was observed between the reductants and TNB
or DTNB.

Reaction of HSA-SOH with Thiols.The plasma thiols
cysteine, glutathione, homocysteine, and cysteinylglycine
competed with TNB for the reaction with HSA-SOH (Figure
7). Despite the fact that only TNB consumption was
followed, the observed rate constant of the first phase was
the sum of the pseudo first-order rate constants of HSA-
SOH reaction with TNB and thiol, so thatkobs increased
linearly with the thiol concentration. From the slope, we
determined that the second-order rate constant for the reaction
of cysteine and HSA-SOH was 21.6( 0.2 M-1 s-1 at
25 °C and pH 7.4 (Figure 8, Table 1). The amplitude of the
first phase decreased hyperbolically in the presence of
cysteine (Figure 8, inset), as expected for the competition
mechanism (45), giving a value for the second-order rate
constant of 22( 6 M-1 s-1, in agreement with the value
obtained from kobs. Similar profiles were obtained for
glutathione, homocysteine, and cysteinylglycine, giving rate
constants of 2.9( 0.5, 9.3( 0.9, and 55( 3 M-1 s-1

(25 °C, pH 7.4), respectively (Table 1). It is worth noting
that the second phase of the reaction presented a positive
slope in the case of homocysteine (Figure 7), probably
reflecting the tendency of this thiol to displace other more
acidic thiols from mixed disulfides. As control, there was

FIGURE 6: Mass spectrometric analysis of HSA-SO2H. (A) HSA
was incubated with hydrogen peroxide as in Figure 5. Aliquots were
removed at 0 (left), 4 (center) and 30 (right) min, digested with
trypsin, and analyzed by ESI-MS. The Cys34-containing peptide
with a mass increase of+32 Da was detected as the doubly charged
species (m/z 1233.2). (B) MS/MS spectrum of the doubly charged
parent ion atm/z 1233.2 showing the b and y fragments.

Table 1: Reactivity of HSA-SOH at pH 7.4

target molecule
rate constant

(M-1 s-1) target molecule
rate constant

(M-1 s-1)

thionitrobenzoate 105( 11a glutathione 2.9( 0.5a

dimedone 0.027( 0.009b homocysteine 9.3( 0.9a

sodium arsenite 0.036( 0.009b cysteinylglycine 55( 3a

ascorbate NDc alanine NDc

urate NDc histidine NDc

hydrogen peroxide 0.4( 0.2b lysine NDc

cysteine 21.6( 0.2a arginine NDc

a Rate constant determined at 25°C. b Rate constant determined at
37 °C. c Not detected.

FIGURE 7: Competition between TNB and biologically relevant
thiols for reaction with HSA-SOH. Aliquots of oxidized HSA (50
µM) were mixed with TNB (70µM) at 25 °C in the absence or
presence of cysteine (1 mM), glutathione (1 mM), homocysteine
(1 mM), or cysteinylglycine (0.42 mM) using a stopped flow
accessory. The decay in absorbance at 412 nm was followed for
5-15 min.
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no detectable reaction between TNB and the cysteine,
glutathione, homocysteine, and cysteinylglycine solutions.

Reaction of HSA-SOH with Amines.No increases were
detected in the observed rate constant of TNB consumption
in the presence of high millimolar concentrations of alanine,
histidine, lysine, and arginine. This confirms that the
reactions of HSA-SOH with the thiol-containing amino
acids and peptides were due to the thiol moieties.

DISCUSSION

Spectrophotometric detection of HSA-SOH with NBD-
Cl is shown herein to lack specificity so that mass spec-
trometry is needed for the unequivocal detection of the
sulfoxide product (46). Although our results may not be
generalized to all proteins, they are of relevance because
NBD-Cl is widely used as a sulfenic acid probe.

The reaction with TNB (k ) 105 ( 11 M-1 s-1, 25 °C,
pH 7.4) was specific for HSA-SOH, since TNB did not
react with reduced, thiol-blocked, or overoxidized HSA. TNB
has been previously used to detect and quantify sulfenic acid
in other proteins using end point measurements (14-17).
However, the reaction of TNB with HSA-SOH required
several minutes and was biphasic, revealing the importance
of kinetic analysis. Thus, before using TNB for sulfenic acid
measurement, it is imperative to understand reaction kinetics
for specific proteins. In addition, TNB should be used with
caution with complex mixtures and cell extracts, where other
electrophiles and disulfides are likely to interfere.

TNB permitted, for the first time, quantitative insight
regarding the amount of sulfenic acid formed by oxidation
of HSA. With 4 mM hydrogen peroxide (4 min, 37°C), the
yield of HSA-SOH/HSA was 0.18( 0.02. This yield can
be accounted for by several factors including the rate of
HSA-SOH formation, its spontaneous decay, and its reaction
with a second hydrogen peroxide, leading to HSA-SO2H.

Although relatively stable, HSA-SOH decayed in phos-
phate buffer with a first-order rate constant of (1.7( 0.3)
× 10-3 s-1 at 37°C. Electrophoretic analysis ruled out further
reaction of HSA-SOH with a second molecule of HSA-
SH or HSA-SOH to form intermolecular disulfide or

thiosulfinate dimers, probably because of steric hindrance.
A possible explanation for this slow decay of HSA-SOH
could be the condensation with an amine or amide nitrogen
(11). Although no reaction was detected with the free amino
acids alanine, histidine, lysine, and arginine, it is still possible
that HSA-SOH could react slowly with an internal residue.
The formation of a cyclic sulfenamide on a sulfenic acid
after the reaction with the neighboring amide nitrogen has
been recently reported (47, 48), although this can be ruled
out in the case of HSA because the neighboring residue is a
proline. No Cys34 tryptic fragments with mass changes of
-2, +14, or +30 Da were detected, suggesting that sulfe-
namide or its oxidized derivatives are not formed within the
same peptide.

In addition, HSA-SOH can react with a second hydrogen
peroxide to yield HSA-SO2H with a second-order rate
constant of 0.4( 0.2 M-1 s-1 (37 °C, pH 7.4). This rate
constant is∼7-fold lower than that between HSA-SH and
hydrogen peroxide (2.7( 0.7 M-1 s-1, 37 °C, pH 7.4), in
agreement with the expected decreased nucleophilicity of the
oxyacid compared to the thiol. This reaction may contribute
to the formation of the higher oxidation states of HSA that
have been observed in vivo. It is noteworthy that the
formation of sulfinic acid is involved in the inactivation of
peroxiredoxins.

From the initial rate of TNB consumption, the maximum
yield of HSA-SOH formed after incubation with hydrogen
peroxide was estimated. When both the spontaneous decay
of HSA-SOH and its reaction with hydrogen peroxide were
taken into account, there was a maximum yield of 0.20(
0.04 HSA-SOH/HSA,∼50% of that expected. One expla-
nation for this discrepancy could be that different HSA-
SH populations exist with respect to oxidant reactivity. In
this sense,1H NMR shows that the HSA thiol is in
equilibrium between buried and exposed forms (49, 50).
Undoubtedly, the properties of the thiol and its derivatives
in a protein such as HSA are complex.

The reaction with TNB permitted determination of the
second-order rate constants for the reaction of HSA-SOH
with sodium arsenite and dimedone (0.036( 0.009 and 0.027
( 0.009 M-1 s-1, respectively) at 37°C and pH 7.4. This
reaffirms that these reagents are useful sulfenic acid probes.
In contrast, ascorbate and urate did not react with HSA-
SOH at appreciable rates. Considering plasma concentrations
(ascorbate, 30-150 µM; urate, 160-450 µM (51)), it can
be concluded that these reductants will not significantly react
with HSA-SOH in vivo. Nevertheless, ascorbic acid has
been recently reported to sustain peroxiredoxin activity (52).
As for the free amino acids alanine, histidine, lysine, and
arginine, it can also be concluded that they will not react
with HSA-SOH at their plasma concentrations of 316, 87,
195, and 86µM, respectively (53).

HSA-SOH reacts with glutathione, leading to a mixed
disulfide (22). Herein, the rate constants for HSA-SOH
reaction with cysteine, glutathione, homocysteine, and cys-
teinylglycine were determined as 21.6( 0.2, 2.9( 0.5, 9.3
( 0.9, and 55( 3 M-1 s-1, respectively (25°C and pH
7.4). It is interesting to compare these values with that
reported for the reaction of cysteinesulfenic acid with
cysteine,g720 M-1 s-1 (54, 55). Likely, the more sterically
hindered environment of the protein will diminish the
reactivity of sulfenic acid toward thiols. Considering the

FIGURE 8: Reaction of HSA-SOH with cysteine. Aliquots of
oxidized HSA (50µM) were mixed with TNB (70µM) at 25 °C
in the presence of increasing concentrations of cysteine using a
stopped flow accessory. The decay in absorbance at 412 nm was
followed for 5-15 min, and the observed rate constant (kobs) and
amplitude (inset) were determined from the fit to an exponential
plus straight line function (eq 2).
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corresponding macroscopic pKa of the thiols (9, 56), cys-
teinylglycine (pKa ) 7.1-7.9 (57, 58)) reacted faster than
cysteine (pKa ) 8.1-8.4 (2, 57, 59, 60)), glutathione (pKa

) 8.6-9.2 (57, 59-61)), and homocysteine (pKa ) 8.7-
10.0 (57, 59)), in agreement with the anionic thiolate being
the reactive species toward HSA-SOH. Indeed, TNB (pKa

4.5-5.1 (62, 63)) reacted even faster (105( 11 M-1 s-1).
Glutathione was the slowest, probably due to steric restric-
tions and the additional anionic charge of glutathione at pH
7.4.

The rate constants summarized in Table 1 are useful for
evaluating the possible fates of HSA-SOH in vivo. Since
HSA-SOH will not be reduced back to thiol by ascorbate
or urate, or react with free amines, the fate of HSA-SOH
will likely be reaction with other thiols. For example, at
plasma concentrations of reduced cysteine, glutathione,
homocysteine, and cysteinylglycine of 8.2, 4.7, 0.2, and 2.9
µM, respectively (64, 65), the products of the rate constant
times concentration are 177× 10-6, 14 × 10-6, 2 × 10-6,
and 160× 10-6 s-1. This agrees with the observation that
mixed disulfides in circulating HSA are predominantly
derivatives of cysteine (146µM) and cysteinylglycine (19.7
µM) rather than glutathione (0.7µM) and homocysteine (7.4
µM) (64, 65). Thiol/disulfide exchange reactions also
contribute to the formation of mixed HSA disulfides, as can
be seen from the fact that disulfides with homocysteine are
at such a high relative concentration, reflecting the tendency
of homocysteine to form disulfides due to its higher pKa (2,
58, 66).

In conclusion, we determined that NBD-Cl is not a
suitable reagent for sulfenic acid detection in HSA. In turn,
we developed a strategy using TNB that allowed HSA-SOH
to be quantified and hence its reactivity and kinetics with
several molecules of analytical or biological interest to be
studied. In addition, the formation of products such as mixed
disulfides and sulfinic acid was characterized. Since knowl-
edge of the biological reactivity of sulfenic acid is limited,
this systematic study aids in the design of approaches for
sulfenic acid detection besides illustrating the possible
biological fates of this key redox intermediate.
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