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Abstract

This review discusses proteomic methods to detect and identify S-nitrosated proteins. Protein S-nitrosation, the post-translational modification
of thiol residues to form S-nitrosothiols, has been suggested to be a mechanism of cellular redox signaling by which nitric oxide can alter cellular
function through modification of protein thiol residues. It has become apparent that methods that will detect and identify low levels of S-nitrosated
protein in complex protein mixtures are required in order to fully appreciate the range, extent and selectivity of this modification in both physiological
and pathological conditions. While many advances have been made in the detection of either total cellular S-nitrosation or individual S-nitrosothiols,
proteomic methods for the detection of S-nitrosation are in relative infancy. This review will discuss the major methods that have been used for the
proteomic analysis of protein S-nitrosation and discuss the pros and cons of this methodology.
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1. Introduction

Of all the potential post-translational thiol modifications that
have been suggested to be involved in the transmission of intra-
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cellular signals, S-nitrosation is perhaps the most highly cited
[1]. S-Nitrosation involves the modification of a thiol (RSH) to
an S-nitrosothiol (RSNO). This can occur on low molecular
weight or protein thiols to form a low molecular weight RSNO
(ImwtRSNO) or a protein RSNO (pRSNO), respectively. This
is thought to occur as a result of biological nitric oxide (NO)
formation and has been thought of as a mechanism by which
NO can transmit signals both within and between cells and tis-
sues. While a great deal of information regarding S-nitrosation
as a signaling paradigm has been obtained, there are still many
unanswered questions. The idea that NO itself can trigger an
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intracellular signal through its interaction with thiols is at first a
rather unlikely one. Metal centers (e.g. ferrous hemes) and free
radicals (e.g. superoxide) are kinetically preferable targets, and
NO does not react with thiols at any biologically meaningful rate
[2,3]. The direct reaction between NO and thiols is a redox reac-
tion generating nitrous oxide, sulfenic acid and/or disulfide, but
not RSNO [4,5]. However, in the presence of oxygen and thiols,
NO generates colored RSNO. These compounds were shown to
have some synthetic chemical use, for instance as intermediates
in the formation of mixed disulfides [6], and had antibacterial
properties [7]. It was not until S-nitroso-N-acetyl-penicillamine
(SNAP) was shown to have vasodilatory properties [8] that the
biological potential of RSNO in mammalian systems became
apparent. With the discovery of NO as a physiological medi-
ator of vascular responses [9,10], as well as many other
processes, the role of endogenously produced RSNO, first mea-
sured by Stamler et al. [11], as mediators of a sub-set of
NO-dependent responses became, and remains, an area of great
interest.

While in vivo mechanisms of S-nitrosation remain the sub-
ject of debate, and are clearly more complex than a simple
association of NO with a thiol, RSNO can be detected in vivo
under basal and pathological conditions [11-14]. Much inves-
tigation has focused on examining the role of S-nitrosation in
modifying specific cellular pathways. For example, the ability
of NO to affect apoptosis has been linked to modification of
a catalytically important thiol in caspase-3 [15,16]. Relatively
few studies have examined S-nitrosation from a more global
perspective by placing individual effects of nitrosative stress
in the context of the proteome of S-nitrosated (or otherwise
modified) thiols. This article will assess current methods for
the detection of global protein S-nitrosation using proteomic
techniques.

2. The Chemistry of S-Nitrosothiols

As the mechanism of thiol nitrosation is important in attempt-
ing to understand the S-nitrosated proteome, in this section we
will briefly describe mechanisms of S-nitrosothiol formation.
There are four major mechanisms of S-nitrosation that have the
potential to occur in biological systems. (i) S-Nitrosothiols can
be formed from the reaction of nitrous acid (HONO) with thiols
(Egs. (1) and (2)).

HONO + H' — H,ONO™ (1
H,ONO* +RSH — RSNO + H,O + HT 2)

This is major mechanism of RSNO synthesis in the test tube
[17,18], and only occurs at pH values significantly below the
physiological norm. As the pK, of nitrous acid is 3.37, only
vanishingly low levels of nitrous acid are present at physiologi-
cal pH, and it is thought that HONO itself requires protonation
before it can S-nitrosate thiols [19]. While this reaction may play
some role in the gastro-intestinal tract, it is not clear that tissue
pH could ever drop low enough to make significant levels of
RSNO. (ii) It is possible for RSNO to be formed by the direct
addition of nitrosonium (NO%) to a thiol at neutral pH (Eq. (3)).

Peroxidase
RSH + NOt — RSNO + H* 3)

complexes I and II [20,21] have been shown to be reduced by
NO, presumably generating nitrosonium. However, the major
limitation of this mechanism is that nitrosonium is unstable
in water at neutral pH, immediately hydrolyzing to nitrite,
and so the thiol must be in the immediate vicinity of source
of nitrosonium. Myeloperoxidase-dependent N-nitrosation has
been reported [22], but so far there are no reports of S-nitrosation
by peroxidase-mediated mechanisms. (iii) Direct thiol nitro-
sation by N2O3 occurs at a relatively fast rate forming an
S-nitrosothiol and nitrite (Eq. (4)) [23]. In order

RSH + N,03 — RSNO + NO,” +HT 4)

to generate N>O3z however, NO needs to be oxidized to NO;,
which will then combine with NO to form N>O3. While this
chemistry clearly happens in the test tube, the oxidation of NO
to NO2 by oxygen occurs by a reaction that is second order in
NO and first order in oxygen (Eq. (5)) [23-25], and consequently
very slow at biological concentrations of NO. It has been sug-
gested that hydrophobic areas in membranes and proteins could
increase the local concentration of both NO and oxygen and so
accelerate this reaction [26,27], thus increasing the probability
of its occurrence in physiological systems. Other mechanisms
of NO, formation are possible such as the

2°NO + Oy — 2NO; 4)

oxidation of nitrite by peroxidase complexes I and II [28]. At a
locus of inflammation, where NO, nitrite and hydrogen peroxide
may be generated in the presence of peroxidases, it is possi-
ble to envisage the chemical requirements for N,O3 formation.
In addition, N,O3 could be formed from the condensation of
nitrous acid (Eq. (6)). As discussed above, the level of HONO
will be very small at neutral pH, and as this

HONO + HONO — N,Os +H,0 ©6)

reaction depends on the square of the concentration of HONO, it
is likely to have little impact at neutral pH. However, this mecha-
nism may well be responsible for the formation of S-nitrosothiols
that have been reported at around pH 6.0 [29] and may be a rele-
vant reaction during ischemic injury, where tissue pH may drop
to such low values. (iv) The addition of NO to a thiyl radical
(Eq. (7)) will form an S-nitrosothiol by a diffusion

RS®* + °NO — RSNO 7

limited radical-radical combination reaction [30,31]. Conse-
quently any process that can give rise to a thiyl radical has
the potential to also generate S-nitrosothiols. The fact that glu-
tathione (GSH) is able to repair other free radicals (such as
the tyrosyl radical) by hydrogen (or electron) donation sug-
gests that thiyl radicals may be a general feature of oxidative
free-radical exposure. Another possible mechanism of RSNO
formation that deserves further investigation is the direct addi-
tion of NO to a thiol to form a putative RSNOH intermediate,
followed by reaction with oxygen (or a one-electron acceptor) to
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form RSNO and superoxide [32]. In addition it has been shown
that peroxynitrite, the addition product of NO and superoxide,
can form S-nitrosothiols very inefficiently [33] either directly
[34] or through the intermediacy of thiyl radicals.

Many of these mechanisms of S-nitrosothiol formation have
the potential to be catalyzed by either enzymes or redox-active
metal ions. Indeed some metalloproteins (e.g. ceruloplasmin
[35]) have been shown to catalyze S-nitrosothiol formation in
plasma (albeit in the absence of red cells). A novel heme-
mediated mechanism of S-nitrosothiol formation was observed
in nitrophorins, NO-carrying proteins from blood sucking
insects, which contain a heme group ligated to the protein by
a cysteinyl residue. Nitrosylation of the ferric heme on the distal
side results in heme reduction by the proximal thiolate ligand
resulting in a ferrous nitroso heme and a protein thiyl radical,
the latter of which can subsequently combine with a second NO
(see Eq. (7)) to generate an S-nitrosothiol on the protein [36].
Recent evidence suggests that hemoglobin may act as a nitrite
reductase, and in so doing may generate S-nitrosothiols [37-39].
Although the mechanism is as yet unclear, it is possible that this
reaction is responsible for the formation of S-nitrosothiols in red
cells.

The most important reaction of S-nitrosothiols for this dis-
cussion is the reversible transfer of the nitroso group from an
S-nitrosothiol to a thiol. This reaction is referred to

RSNO + R’S™ = RS~ + R’SNO ®)

as S-transnitrosation and is illustrated in Eq. (8). The reaction
rate is dependent on the pK, of the attacking thiol due to the fact
that thiols with low pK, values are more extensively ionized at
neutral pH values. The biological importance of this reaction
is that low molecular weight RSNO are able to modify protein
cysteinyl residues, and conversely low molecular weight thiols
are able to convert protein RSNO back to the original thiol. The
equilibrium distribution of the S-nitroso groups within a cell will
then depend on the rates and equilibrium positions of all pos-
sible S-transnitrosation reactions, which in turn will be heavily
influenced by the pK, values of the thiols involved [40,41]. As
some protein thiol pK, values are very low (as low as 4.5, com-
pared to free amino acid thiol pK, values of 8-9), it is likely
that such protein thiols are sensitive targets for modification by
transnitrosation if such a thiol is accessible to attack by the donor
RSNO.

3. What is Meant by “the Proteome of S-Nitrosated
Proteins™?

This sounds like a simple question but one that has no simple
answer. With currently available methods, it is fair to say that
the levels of protein S-nitrosothiols generated in vivo are too
low to be subject to proteomic analysis in any meaningful way
[14]. Although some studies have reportedly examined the pro-
teome of S-nitrosation from endogenous NO synthase sources
[42-44], most have relied on exogenous treatments with NO
or related compounds to increase the total intracellular RSNO
pool [45-47]. 1t is possible to take total cellular protein and S-

nitrosate almost every free thiol. This could be done by treating
the lysate with nitrite at a lowered pH to promote nitrous acid-
mediated nitrosation. Alternatively, one could take total cellular
protein, and treat it with NO in the presence of oxygen, revealing
thiols that are susceptible to nitrosation by the NO/O, reac-
tion. Thirdly, one could take cell lysate and treat it with a low
molecular weight S-nitrosothiol, such as S-nitrosoglutathione
(GSNO), and examine thiols that are susceptible to modifica-
tion by transnitrosation (Eq. (8)) [48]. Finally, whole cells could
be treated in all the above ways to examine the S-nitrosatable
proteome in a cellular environment [49-52]. As the mechanism
of S-nitrosation in vivo is unknown, it is not clear which of
these treatments (if any) more closely resembles physiological
S-nitrosation. It is possible (if not probable) that each of these
methods would give rise to a different (albeit overlapping) set
of modified proteins.

Not only is it the mechanism of S-nitrosation that is impor-
tant in defining the S-nitrosatable proteome, but also the extent
of S-nitrosation. At high (nmol/mg protein) S-nitrosation levels,
proteins will be modified that are unlikely to be substantially S-
nitrosated in vivo. So to examine the proteome at only one level
of nitrosation could lead to a misleading picture, particularly if
one is trying to understand the issues surrounding the suscepti-
bility of thiols to S-nitrosation. All current studies are therefore
trading off the extent of S-nitrosation with the signal-to-noise
ratio of the methods and hoping that the patterns of S-nitrosation
observed can be extrapolated back to more physiological levels
of protein modification. These studies still have great value and
importance as they highlight potential targets of protein modifi-
cation that can be examined by more direct approaches, such as
site-directed mutagenesis.

Finally, S-nitrosation does not take place in isolation but in the
complex milieu of a cell or fluid and the extent of S-nitrosation
and the stability of S-nitrosothiols are no doubt impacted by other
processes. We have demonstrated using bovine aortic endothe-
lial cells, when we titrated the intracellular RSNO tone using
S-nitrosocysteine (CysNO, see later), that we could deplete
cellular glutathione (GSH) in a concentration-dependent way
[53]. As GSH, and associated enzymes, are important in the
catabolism of RSNO [54], the proteins that are S-nitrosated
in the presence of GSH may be of quite a different charac-
ter compared to those that are S-nitrosated once GSH has been
depleted. The same may be true of other redox couples within
the cell involved in the stability of S-nitrosothiols, such as the
NADH/NAD™ couple [54].

4. The Use of InwtRSNO Transport to Titrate the
S-Nitrosated Proteome

Although ImwtRSNO are often used in cell culture as NO
donors, several lines of evidence suggest that the interactions
between these compounds and cells are much more complex
than simple NO release. Firstly, RSNO are relatively stable
in metal ion-free buffers in the dark, and in cell culture their
decomposition is driven by the presence of cells [S5]. We have
demonstrated that cystine, present in most cell culture medium,
is essential for cell-mediated GSNO metabolism [56]. Secondly,
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there are several old reports of stereoselectivity of RSNO action,
particularly when CysNO is used [57,58]. Thirdly, the effects
of some ImwtRSNO have been shown to be inhibitable by L-
leucine and are thought to be mediated through specific transport
pathways [59]. These transport mechanisms have recently been
fully characterized and involve both the amino acid transport
system L (L-AT) [60,61] and the cystine transporter x.~ [62].
One important observation of these studies is that many of the
effects of CysNO treatment do not involve the formation of NO,
but involve the uptake and metabolism of the nitroso functional
group. An understanding of S-nitrosothiol transport allows for
the titration of the intracellular RSNO tone, and, in principle, will
allow the assessment of the S-nitrosated proteome that forms as
aresult of transnitrosation processes, at a range of total intracel-
lular RSNO levels. It should then be possible to examine how
the pattern of S-nitrosation changes at ever decreasing levels of
S-nitrosothiol.

5. Challenges for the Detection of the S-Nitroso
Functional Group

It is relatively simple to detect S-nitrosothiols at levels
over ~100pmol/mg protein using either spectrophotometric,
fluorimetric or chemiluminescence methods. In our hands, tri-
iodide-based chemiluminescence [63,64] can accurately detect
levels of S-nitrosothiol in cell lysate down to 1-2pmol/mg
protein [65]. However, these methods only detect the total S-
nitrosothiol content and do not identify which proteins are
modified.

Traditional methods for the determination of protein mod-
ifications are problematic for the analysis of S-nitrosation. As
there are no useful radioactive isotopes of N and O the direct use
of radioactivity for the detection of S-nitrosation is not possible.
Although an antibody for protein S-nitrosation is commercially
available it has so far found use only for immunohistochem-
istry [66]. Attempts to use this antibody for immunoprecipitation
or Western analysis have largely proved unsuccessful. While
immunoprecipitation experiments certainly pull down many
proteins, our observations have indicated that the RSNO-to-
protein molar ratio is unchanged in both the precipitate and the
supernatant suggesting a large-degree of non-specific protein
association (unpublished data). Consequently, the detection of
thiol modifications has to rely on indirect methods in which the
nitroso function group is selectively replaced.

5.1. The biotin switch method

The first, and to date the only, method for the specific tag-
ging and detection of S-nitrosated proteins has been generally
referred to as the biotin switch method. This method, devel-
oped by Jaffrey et al. [42], attempted to replace the S-nitroso
functional group with a biotin label that could then be eas-
ily detected using streptavidin or an appropriate antibody. The
basic principle behind the technique is illustrated in Fig. 1.
Protein is first treated, in the presence of SDS, with thiol
blocking agents, such as monomethyl thiosulfonate (MMTS),
N-ethylmaleimide (NEM) or iodoacetic acid, to chemically inac-

S-S-CH
SH MMTS :
S-NO —————l S-NO
SSR SSR
Remove MMTS
Reduce with
Ascorbate
S-S-CH -S-C
*  Biotin-HPDP et
S-5-Biotin u— SH
SSR SSR

Fig. 1. The biotin switch assay (after Jaffrey et al. [42]). Protein thiols (—SH),
S-nitrosothiols (—SNO) and disulfides (—SSR) are treated with MMTS to con-
vert all thiols to disulfides (—SSCH3). MMTS is removed and the proteins are
incubated with ascorbate to convert —SNO to —SH. The nascent —SH is then
labeled with biotin via a disulfide bond using biotin-HPDP.

tivate all thiols. The choice of thiol blocking agent is somewhat
arbitrary, however, it should be born in mind that MMTS forms
a disulfide and so may be more susceptible to later reduction,
whereas NEM forms a more stable thioether, and iodoacetate
a thioester. After thiol blocking, RSNO are reduced to RSH
by incubation with 1 mM ascorbate for 1h in the presence of
the metal ion chelators EDTA and neocuproine, after which the
nascent thiols are labeled with a biotinylation agent specific for
thiols. The original method used (N-(6-(biotinamido)hexyl)-3'-
(2'-pyridyldithio)-propionamide (biotin-HPDP) which results
in a disulfide-linked label. Other available thiol biotinylation
agents are based on maleimide or iodinated carboxylates that
generate thioether and thioester linkages, respectively. Finally,
the biotin-labeled proteins are amenable to selective precipita-
tion for direct mass spectometric analysis, or to Western blot
analysis, using either streptavidin or anti-biotin antibodies.

The first issue that needs to be considered with the biotin
switch assay is that it is essentially a difference method in which
a very small signal (the RSNO) is being observed in the pres-
ence of a very large signal (the protein thiols) by subtracting one
from the other. The subtraction is done chemically, by blocking
free thiol groups, and the efficiency of this step determines to a
large part the signal-to-noise ratio of the assay. As a hypotheti-
cal example, if we assume that the level of total cellular protein
thiol is about 100 nmol RSH/mg protein (this is a high end esti-
mate for a very cell-type dependent number), then in order to
see 100 pmol RSNO/mg protein with a signal-to-noise ratio of
10:1, then 99.99% of protein thiols need to be blocked. This is a
simplistic calculation, but it illustrates the relationship between
blocking efficiency and the sensitivity of the assay, and high-
lights the inherent difficulty in detecting levels of RSNO much
below 100 pmol/mg protein.

The second issue that should be considered is the use of
ascorbate as a selective RSNO-reducing agent. Although it has
been well established that ascorbate can reduce S-nitrosothiols
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(although the precise mechanism has been debated) [50,67-69],
the rate of this reaction is not fast. For example, the reduc-
tion of GSNO by ascorbate has a second order rate constant
of 5 x 1072M~!s~! [68], which corresponds to a pseudo-first
order rate constant of 5 x 107> s~ at 1 mM ascorbate, or a half
time of almost4 h. We have shown that the reduction of S-nitroso
bovine serum albumin (BSA-SNO) by ascorbate is consider-
ably slower than GSNO, and will be negligibly reduced after
incubation with 1 mM ascorbate for 1 h [50]. This issue is fur-
ther illustrated in Fig. 2. Protein RSNO from CysNO-treated
bronchial epithelial cells was treated with reducing agent (either
ascorbate or DTT), precipitated, and then the RSNO content
was monitored by chemiluminescence. It can be seen that while
DTT rapidly decreased the RSNO content as expected, ascor-
bate, even at a concentration as high as 30 mM, had little impact
on RSNO levels measured by chemiluminescence, although this
treatment was able to garner a positive result by biotin switch
assay [50]. Consequently, exposure of RSNO to 30 mM ascor-
bate for 3 h only reduces a small amount of total RSNO, but this
was enough to see by biotin switch. Taken together, these data
indicate that ascorbate is a poor reducer of protein RSNO and
high levels and long incubation times are required. However,
many investigators have reported success using this assay with
original conditions of 1 mM asocorbate and 1 h incubation time.
Some recent data (Xunde Wang, Neil Hogg, Mark Gladwin,
manuscript in preparation) suggest that the presence of contam-
inating transition metal ions, such as copper and iron, play a large
role in determining the ability of ascorbate to facilitate RSNO
reduction. Regardless of the precise mechanism, these concerns
highlight that it is essential to examine the reductive effects of
ascorbate by a secondary method (such as chemiluminescence)
in order to be sure that the reductive step has, in fact, reduced
the levels of RSNO in the sample. Preferably, a concentration-
dependent effect of ascorbate should be examined where the loss
of RSNO is correlated to an increase in biotin labeling.

120 4
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©
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©
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% 40 4 —&— Control
n —— 1 mM Ascorbate
2 —— 30 mM Ascorbate
20 4 —— 05mMDTT
—4— 5mMDTT
0 T T T T

0 20 40 60 80 100 120 140 160 180
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Fig. 2. Reduction of protein RSNO by ascorbate and DTT. Human bronchial
epithelial cells were incubated with CysNO (50 uM) for 30 min. Cells were
lyzed in HEPES buffer containing 10 mM NEM, 1 mM DTPA and 100 uM
neocuproine. Either DTT or ascorbate was added, and aliquots were taken at
the indicated time points. For each aliquot, the protein was precipitated to
remove excess reducing agent, and total RSNO was measured by tri-iodide-based
chemiluminescence after treatment with sulfanilamide.

A third issue with the biotin switch method is the sensitivity of
the assay. We discussed above the importance of thiol blocking
with respect to signal-to-noise ratio, but assuming thiol blocking
is not a limiting factor, what is the absolute sensitivity of this
method? To ascertain this it is important to use an appropriate
biotinylated protein standard and to assess the concentration-
dependent responsiveness of this standard on Western blots. This
has been successfully accomplished by Landar et al. [70] for
biotin labeling, using biotinylated cytochrome ¢ (Cyt c). By this
method, Cyt c is biotinylated on lysine residues using sulfo-
NHS-LC-biotin, and the extent of biotinylation is monitored
spectrophotometrically. The biotinylated Cyt c is then used as a
standard on Western blots and is used to quantify biotinylation
based on relative band intensities. Such standardization allows
a direct comparison between the level of biotinylated protein
observed on the gel (calculated from the Cyt ¢ standard) and
the amount of RSNO in the experiment (measured by chemi-
luminescence). The absolute sensitivity of Western blot clearly
depends upon many factors, including antibody (or streptavidin)
dilution, the development conditions, the chemiluminescence
substrates and the length of exposure to film or camera. In our
hands, and in agreement with Landar et al. [70], we can detect
biotinylated Cyt ¢ down to a level of at least 0.5 pmol biotin.
This suggests that if 20 pg of protein is loaded on a gel, the
biotin switch assay should be intrinsically sensitive enough to
observe an S-nitrosation level of about 25 pmol/mg protein for
a single protein. This represents an S-nitrosation level of about
0.1% for a 50kDa protein, but for a complex protein mixture,
this number will increase as the RSNO is distributed across mul-
tiple proteins. Experimentally, we have shown that it is difficult
to observe significant responsiveness in the biotin switch assay
below levels of approximately 1 nmol/mg protein in total cell
lysate [50].

The final issue with this assay is that of specificity. While
the requirements that allow ascorbate to reduce S-nitrosothiols
in a rapid and extensive manner have not yet been fully char-
acterized, the question of whether this reduction is selective
for S-nitrosothiols is difficult to assess. However, it is likely
that apart from the obvious false positive of endogenous biotin-
dependent carboxylases, sulfenic acids will be reduced by
ascorbate back to the level of the thiol. While sulfenic acids
are a relatively rare and transient thiolic sub-species, their pres-
ence in biological systems is becoming increasingly appreciated
[71]. A more worrisome issue is the possibility that the ascor-
bate treatment may reduce disulfides. Two recent studies suggest
that ascorbate can give false positives in some proteins due to
disulfide reduction or other issues [72,73], indicating that an
ascorbate-dependent increase in band intensity cannot be used
as proof positive for the detection of protein RSNO without
additional controls.

This in-depth discussion of the biotin switch assay has mainly
highlighted potential problems and limitations. However, once
these limitations are realized, this assay represents a useful addi-
tion to the armamentarium of S-nitrosothiol assays [74], and has
facilitated the isolation and analysis of the S-nitrosoproteome in
a number of studies [49,51]. A major issue will always be lack
of sensitivity, and it is questionable whether any method will be
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able to achieve sufficient sensitivity to examine the proteome of
S-nitrosation from basal or pathological endogenous NO forma-
tion. Our experience suggests this is a major challenge, although
others have reported successful detection of modified proteins
from endogenous sources [42,44]. In addition, the inherent dan-
ger is that this method is used (as it has been many times in the
literature) as a stand-alone assay for protein S-nitrosation, which
is a function for which it is profoundly unsuited.

5.2. Alternative reducing agents for the biotin switch assay

An alternative approach to the issue of specificity is to
ignore it, and ask a different question — which protein thiols are
reversibly modified after treatment with NO/RSNO? In other
words, bypass specificity by selecting a reducing agent that will
reduce many thiol modifications regardless of their nature. To
do this we have replaced ascorbate in the biotin switch assay
with DTT, a generic thiol reducing agent. Of course this treat-
ment will also reduce endogenous disulfides, and so controls of
untreated samples have to be run in parallel. Fig. 3 illustrates a
Western blot of 2D gel of total protein from bronchial epithe-
lial cells treated with and without 10 uM CysNO. As can be
seen, several new spots show up in the treated samples that are
not present in the control samples. However, this blot was pur-
posely under-developed (increased antibody dilution and short
exposure time) to minimize the background contribution and
highlight the proteins that are robustly changed by treatment.
Development of this blot under optimal conditions would result
in many more spots in the control sample. Because relatively few
spots are observed it is almost impossible to register these spots
with their equivalents on the gel, and so protein identification is
a rather hit-and-miss affair. However, this approach does illus-

a g pl > -
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1580 kD —

100 kD —
75 kD —
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Fig. 3. Biotinylation of proteins after DTT reduction. Human bronchial epithe-
lial cells were incubated without (top) or with (bottom) 10 uM CysNO and then
subjected to the biotin switch assay using DTT (5 mM) in place of ascorbate.
Proteins were separated in 2 dimensions and biotinylation was examined by
Western blot analysis.

trate that CysNO levels as low as 10 uM can robustly modify
a few selected thiols in whole cells. While this method may be
useful in defining the extent of protein modification it is not so
useful for the identification of specifically modified proteins.

5.3. 2D-DIGE approaches

One intriguing new approach is the use of difference gel
electrophoresis (DIGE) using fluorescent labels [75,76]. This
avoids the necessity of registering a Western blot with a gel,
removing the uncertainty from the spot-selection process in sit-
uations where only a few proteins are modified. The basic idea
(illustrated in Fig. 4) is to label thiols from control and treated
samples with two different fluorophores. In this case monofunc-
tional maleimide-conjugated cyanine dyes (Cy3 which has a
green fluorescence and Cy5 which has a red fluorescence) have
been used. These dyes have been used previously to detect free
thiols [77] and redox-sensitive changes in the free thiol pool [78].
Equivalent amounts of the control and the treated samples are
then pooled and run in two dimensions. The second dimension

SH  NEM/DTT (o §-NEM
ascorbate) /Cy3
SH — S-NEM
an, s-Cy3
2D Gel
NO/RSNO
SH NEM/DTT/Cy5 S-NEM
SNO/SR ey §-Cy5
SSR $-Cy5
pH 3 pH 10

Molecular weight

Fig. 4. Analysis of protein modification by DIGE. (Top) Schematic of the DIGE
labeling scheme using two maleimido-cyanine-based dyes Cy3 (green) and Cy5
(red). RSNO or NO treatment will modify some fraction of the protein thiols as
illustrated on the left side of the figure. Both the treated and untreated samples
are sequentially incubated with NEM, reducing agent (in this case DTT) and then
either Cy3 or CyS5. These samples are pooled at equal protein concentrations and
are run in 2 dimensions. (Bottom) Human bronchial epithelial cells were treated
with or without 10 uM CysNO, and protein was treated as illustrated in the top
panel. Pooled protein was run in 2 dimensions and detected by fluorescence
scanning.



158 N.J. Kettenhofen et al. / J. Chromatogr. B 851 (2007) 152—159

SDS-PAGE must be run on a gel cast in low-fluorescence glass
plates. Analysis of the gel by fluorescent scanning and image
analysis software (e.g. DeCyder from GE Healthcare) will then
reveal the thiols that have been modified by a difference in the flu-
orescent intensity of the two dyes in a single spot. Fig. 4 shows
a typical fluorescence scan from a 2D gel using protein from
human bronchial epithelial cells exposed to CysNO (10 puM)
for 30 min, and using DTT (1 mM) as the reducing agent. In
order for a protein to appear as a red spot on this gel it must con-
tain no DTT-reducible disulfides and contain a cysteine residue
that is modified by CysNO treatment. Most proteins appear as
yellow spots as they contain both green and red fluorescence.
Computer-aided analysis of the difference in intensity between
the red and green fluorescence gives the amount of CysNO-
modified thiols. Clearly, if the protein in question has a large
number of DTT-reducible disulfides any difference between the
red and green fluorescence will be difficult to determine and
so the DTT reduction strategy will not be useful to look for
modifications of all proteins. In these experiments it is always
important to run the experiment with the dyes reversed to make
sure that the differences observed are not a function of the label.
One major advantage of this approach is that it can be used in
combination with robotic spot removal and analysis (e.g. Ettan
spot-handling workstation, GE Healthcare), so processing and
MALDI identification of target proteins can be automated. In
addition, the relative level of thiol modification can be obtained
by direct comparison of the fluorescence intensity from both
dyes. For quantitative purposes it is possible to label all cellular
proteins with a third dye on lysine residues and run this on the
same gel. This gives an internal control fluorescence intensity
that should be independent of the degree of thiol modification
and would aid comparison between gels.

5.4. Direct peptide capture: avoiding gels altogether

Recently, two studies have employed direct capture tech-
niques to examine the proteome of S-nitrosated proteins. These
techniques have the advantage over gel studies in that there is no
danger of generating false positives from proteins that migrate
together. The study of Hao et al. [51] used the biotin switch
method on GSNO-treated rat cerebellum lysates to label mod-
ified thiols. The total level of protein RSNO in these studies
was around 1-2nmol/mg protein or up to 3% of total thiol.
After biotin labeling, the proteins were trypsinized before affin-
ity purification of biotinylated peptides. These peptides were
then reduced off the beads with mercaptoethanol and detected
and identified by LC-MS/MS techniques. Identified peptides
that contained cysteine residues were then putative S-nitrosation
targets. This method identified 68 cysteine-containing peptides
from 56 proteins. The second study by Greco et al. [49], treated
whole cells (human aortic smooth muscle cells) with either
CysNO or the NO donor PAPA/NO and achieved levels of intra-
cellular RSNO formation between 0.4 and 3 nmol/mg protein.
These authors used a similar approach to Hao et al. [51] but
eluted the bound peptides with formic acid rather than reducing
them off with mercaptoethanol. The advantage to this is that the
biotin remains associated to the peptide and positive identifica-

tion of the biotinylation site can be obtained by MS analysis.
In this study 18 peptides were identified from 16 proteins after
CysNO exposure, and four from NO exposure, two of which
were found in both groups. Interestingly, these authors also iden-
tified 18 peptides that showed up as false positives indicating the
importance of proper controls.

These methods provide an important addition to gel-based
approaches to identify S-nitrosated proteins. While they have
not currently been used in a quantitative manner, this is not an
intrinsic limitation. As in all other situations positively identified
proteins need to be confirmed using methods that do not rely on
the biotin switch assay.

6. Conclusion

In this review we have detailed methodologies to identify
the S-nitrosated proteome. It is difficult as yet to conclude
which strategy will be the most useful, but direct peptide-capture
methods have provided the most compelling picture of the S-
nitrosated proteome in publications to date. In all of the methods
described, one has to be aware that the detection methodology
is indirect and relies on chemical modification of the S-nitroso
group. Consequently, the specificity of this modification needs
to be fully assessed and established. Finally it needs to be stated
that identification of an S-nitrosated protein does not imply that
S-nitrosation affects the activity of this protein. Many thiol nitro-
sation events may be neutral with respect to protein activity as
the cysteine residue in question may play a negligible role in
determining protein function. Consequently, proteomic deter-
mination alone is not enough to assess the importance of the
modification, but rather provides framework by which individual
pathways can be assessed at the level of activity.
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