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Abstract
The reaction between NO, thiols and oxygen has been studied in some detail in vitro due to its
perceived importance in the mechanism of NO-dependent signal transduction. The formation of S-
nitrosothiols and thiol disulfides from this chemistry has been suggested to be an important
component of the biological chemistry of NO, and such subsequent thiol modifications may result
in changes in cellular function and phenotype. In this study we have re-investigated this reaction
using both experiment and simulation and conclude that: (i) S-Nitrosation through radical and non-
radical pathways is occurring simultaneously (ii) S-Nitrosation through direct addition of NO to thiol
does not occur to any meaningful extent and (iii) protein hydrophobic environments do not catalyze
or enhance S-nitrosation of either themselves or of glutathione. We conclude that S-nitrosation and
disulfide formation in this system occur only after the initial reaction between NO and oxygen to
form nitrogen dioxide, and that hydrophobic protein environments are unlikely to play any role in
enhancing and targeting S-nitrosothiol formation.
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Introduction
The mechanism of formation of S-nitrosothiols (RSNO) in vivo is an important factor in
understanding the biological actions of NO. RSNO have been implicated in the regulation of
many cellular processes, including apoptosis [1], cell proliferation [2], and hypoxic vascular
responsiveness [3]. While there are some reports of enzymatic involvement in S-nitrosothiol
formation [4,5], thiol nitrosation is largely thought to be driven through the intrinsic biological
chemistry of NO.
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Three mechanisms have been proposed for the formation of S-nitrosothiols, in vitro, from a
combination of nitric oxide, thiol and oxygen (the three pathways are illustrated in Scheme 1).
The first (pathway 1 in scheme 1) involves the formation of an intermediary nitrosating agent,
N2O3, from the reaction between NO and oxygen [6,7]. The second (pathway 2 in Scheme 1)
involves the one electron oxidation of the thiol by NO2 followed by radical-radical combination
of the thiyl radical and nitric oxide [7–9]. The third (pathway 3 in Scheme 1) involves the
reduction of oxygen by a putative intermediate radical (RSNOH) formed from the direct
combination of nitric oxide and thiol [10]. Experimental evidence exists in the literature for
all three mechanisms based on kinetic, stoichiometric and scavenger studies. Both pathway 1
and pathway 3 are relatively simple with clearly defined stoichiometries, whereas pathway 2
is more complex due to the fact that the formation of thiyl radical as an intermediate opens up
a plethora of additional reaction possibilities.

An additional factor that has been proposed to be involved in S-nitrosothiol synthesis is the
presence of hydrophobic microenvironments [3]. As both NO and oxygen are hydrophobic it
has been demonstrated that hydrophobic environments can enhance the rate of reaction between
these species due to increases in their local concentration [11]. It has been suggested that this
effect may enhance S-nitrosation in the vicinity of hydrophobic environments [12]. In
extremity, it has been reported that NO oxidation and nitrosation can be localized internally to
a single protein [13,14], such that the interaction of NO with a specific protein molecule can
S-nitrosate a thiol within that same protein. Although this mechanism would allow for a very
directed mechanism of S-nitrosthiol formation and NO signaling, it would requires significant
curtailment of normal diffusivity of gas molecules, and also unprecedented stabilization of
reaction intermediates.

In this study we have performed a series of experiments and kinetic simulations to attempt to
differentiate between these various mechanisms of GSNO formation using glutathione (GSH)
as the target thiol and to assess the importance of hydrophobic protein environements to the
nitrosation process. We conclude that both thiyl-radical and N2O3-medaited nitrosation
(pathways 1 and 2) occur in this system and that pathway 3 has negligible importance. In
addition we show that thiyl radical scavengers have little effect on the formation of GSNO,
but instead switch the mechanism of GSNO formation from pathway 2 to pathway 1. In addition
the use of phosphate to inhibit pathway 1 also inhibits pathway 2. Consequently in such
complex reaction networks, the use of inhibitors to probe specific pathways can affect more
than one pathway. In addition we have re-examined the ability of hydrophobic environments
to enhance S-nitrosothiol formation and conclude that proteins inhibit rather than enhance S-
nitrosation. These results clarify potential mechanisms of S-nitrosothiol formation in biological
systems.

Materials and Methods
Materials

1-[2-(Carboxylato)pyrrolidin-1-yl]diazen-1-ium-1,2diolate (PROLI/NO), (Z)-1-[N-(3-
Ammoniopropyl)-N-[4-(3-aminopropylammonio) butyl]-amino]diazen-1-ium-1,2-diolate
(SPER/NO) and 2-(4-carboxyphenyl)-4,5-dihydro-4,4,5,5-tetramethyl-1H-imidazollyl-1-
oxy-3-oxide (CPTIO) were purchased from Cayman Chemical Co., NO gas was obtained from
Matheson Gas Co. Other materials were Sigma-Aldrich products unless otherwise noted.

Preparation of NO solution
NO gas, passed through a 1M NaOH solution to remove contaminating nitrogen oxides, was
introduced into a degassed buffer solution (50mM potassium phosphate, 1mM DTPA, pH 7.4),
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which had been deoxygenated by vacuum and refilled with argon five times. The concentration
of NO in solution was determined as previously described [15].

EPR spin-trapping
DMPO (100 mM) was added into the reaction mixture of GSH, NO or SPER/NO, and oxygen.
The EPR spectrum was recorded immediately at room temperature with a Bruker EMX EPR
spectrometer operating at 9.85 GHz microwave frequency, 10 mW microwave power, 100 kHz
modulation frequency, and 1.0 G modulation amplitude.

S-Nitrosothiol detection using ozone-based chemiluminescence
S-nitrosothiol formation from the reaction of GSH and NO donors was determined by I3-
dependent ozone-based chemiluminescence using a Sievers Model 280 NO analyzer [16–18].
Prior to injection, samples were incubated with excess sulfanilamide/2N HCl solution in order
to remove nitrite. S-Nitrosothiol levels were quantified using a standard curve generated from
known amounts of GSNO.

HPLC analysis
For the specific measurement of GSNO, samples (50µl), pretreated with access of NEM and
acidified with 2% TFA were injected onto a 25 cm Kromasil C-18 column (0.46 mm ID and
0.5 µM particle size) and eluted with a mobile phase consisting of methanol and 0.05% TFA
(6:94). The effluent was monitored by a diode array spectrophotometer at 336 nm [19]. For
determination of GSH, nitrite, GSSG, nitrate, and GSNO in a single run, an ion-pair method
using tetrabutylammonium hydrogensulfate (TBAHS) was performed [8]. Samples were
injected onto a 25 cm Kromasil C-18 column (0.46mm ID and 0.5µM particle size) and eluted
isocratically with 10mM K2HPO4 and 10mM TBAHS in acetonitrile:water (5–95 v/v%, pH
7.0). Effluents were detected at 210 nm with a diode array spectrophotometer.

Measurement of oxygen and NO consumption by polarography
Oxygen and NO consumption were measured respectively by an oxygen electrode (Yellow
Spring Instrument Co.) or an NO electrode (World Precision Instrument), maintained at 37°C
by a circulating water bath.

Protein experiments
For kinetic experiments, SPER/NO (200 µM) was introduced into the mixture of GSH (1mM)
and BSA or HSA (400µM of either) in 50mM phosphate buffer containing 1 mM DTPA, pH
7.4, at room temperature. For GSH-dependence and protein-dependence experiments PROLI/
NO (50 µM) was injected into the mixture at the indicated concentrations of GSH and BSA or
HSA. Aliquots were removed and quenched with NEM (30 mM) in order to block all non-
reacted thiols. The formed GSNO and total RSNO were quantified with HPLC, and ozone-
based chemiluminescence, respectively.

BSA and HSA were used without further reduction or purification and contain approximately
0.5 thiol groups per protein. For certain experiments free thiol were blocked with excess of
NEM (1 hour incubation at room temperature), then the protein was separated on G-25 size
exclusion column.

Anaerobic experiments
Anaerobic experiments were performed using a Coy anaerobic chamber. All solutions were
deoxygenated with alternating vacuum assisted removal of oxygen and introduction of argon
gas prior to introduction into the anaerobic chamber.

Keszler et al. Page 3

Free Radic Biol Med. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Kinetic simulation
Kinetic simulations were performed using Gepasi 3.30, a freely downloadable program at
www.gepasi.org [20]. The kinetic model was fitted to experimental data using the Simplex
algorithm.

Statistics
Statistical analysis of data was made with a Student’s t test. Changes were considered
statistically significant when P<0.05.

Results
Nitric Oxide and Oxygen Consumption in the presence of GSH

According to pathway 1 (in Scheme 1), the presence of GSH should not increase the rate of
NO consumption because the reaction is rate-limited by the NO/oxygen reaction and the
stoichiometry of NO consumption is identical for S-nitrosation and hydrolysis of N2O3.
Although pathway 2 is also rate-limited by the NO/oxygen reaction, the stiochiometry of NO
consumption is potentially affected by GSH due to potential radical-mediated chain reactions.
In pathway 3 there is a direct effect of GSH on NO consumption. It has previously been shown
that cysteine causes an enhanced oxygen-dependent NO consumption [10]. We examined this,
using GSH rather than cysteine, by adding aliquots of NO solution into oxygenated buffer (50
mM phosphate containing 1 mM DTPA at 37 °C) in the presence and absence of GSH (Figure
1). In this experiment, eight sequential additions of nitric oxide were made, each calculated to
give a final concentration of 350 nM. After the eighth addition, the accumulated nitric oxide
was allowed to decay. As can be seen, the presence of GSH affected the electrode response in
two distinct ways. In the presence of GSH, the maximum level of nitric oxide attained after
addition was lower (although this effect was minimized at higher total NO concentrations),
and the decay rate after the last addition was faster (particularly at low NO concentrations),
when compared to an identical experiment in the absence of GSH. This is in qualitative
agreement with Gow et al [10], who used cysteine, though cysteine appears to have a much
larger effect than GSH. These data illustrate that NO-consuming reactions, over and above the
reaction of NO with oxygen, occur in this reaction system and indicates that pathway 1 cannot
be occurring in isolation.

In an attempt to understand these additional reactions, we examined the stoichiometry of
oxygen consumption upon addition of NO to a solution of either oxygen alone, or oxygen and
GSH. Table 1 shows the amount of oxygen consumed upon sequential titration of oxygenated
phosphate buffer (50 mM containing 1 mM DTPA, at 37 °C) with NO under various conditions.
The stoichiometry of oxygen consumption by NO was calculated to be approximately 4.3:1
(NO:O2), close to the 4:1 ratio accepted for this reaction [21]. In the presence of GSH, however,
this stoichiometry was closer to 3:1. This indicates that 25 % more oxygen is consumed in the
presence of GSH than in its absence. To examine if the oxidation of NO to nitrogen dioxide
resulted in the additional consumption of oxygen, we studied the effect of the NO oxidant,
CPTIO. This compound has been shown to donate an oxygen atom to NO to generate nitrogen
dioxide with a rate constant of 6000 M−1s−1[22,23]. As shown in Table 1, addition of NO to
a solution of CPTIO completely inhibits the consumption of oxygen, indicating that the
concentration of CPTIO used was sufficient to compete with the oxidation of NO by oxygen.
However, in the presence of GSH and CPTIO oxygen was consumed with a stoichiometry of
5.5:1 (NO:O2). It should be noted that CPTIO also scavenges nitrogen dioxide with a rate
constant of similar magnitude to the reaction of nitrogen dioxide with GSH [24]. It is likely
that some of the NO2 generated is thus scavenged by remaining CPTIO leading to an
underestimate of the NO2-dependent contribution to oxygen consumption. Regardless, these
data indicate that additional oxygen-consuming reactions can occur, down-stream of the initial
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reaction of NO with oxygen, when NO autoxidation occurs in the presence of GSH, and that
these reactions are likely due to the formation of NO2. These data support pathway 2 as an
alternative to pathway 1 as a potential mechanism of thiol S-nitrosation.

Formation of glutathionyl radicals from GSH during NO autoxidation
The most likely mechanism NO2-dependent oxygen consumption is the intermediate formation
of glutathionyl radical, from the reaction between NO2 and GSH, which can then consume
oxygen by a number of pathways. To examine the formation of thiyl radicals we used the EPR
spin-trapping technique using DMPO as the spin trap. Both bolus addition of NO (Figure 2A)
and slow generation of NO (Figure 2B), in the presence of GSH, resulted in the formation of
the DMPO-SG adduct. In the case of slow nitric oxide generation, the formation of DMPO-
SG exhibited a clear sigmoidal shape, suggesting an acceleration of NO2 formation during the
initial period until the concentration of nitric oxide achieves steady-state. These data indicate
that thiyl radicals are formed in the NO/oxygen/glutathione reaction system and are in
agreement with Pou and Rosen [25] and Schrammel et al [9].

Thiol oxidation vs. nitrosation by nitric oxide
We have previously observed that DMPO did not affect the formation of GSNO in the reaction
mixture of SPER/NO and GSH [26]. Jourdeuil et al [8] demonstrated that the release of NO
into an oxygenated solution of GSH formed GSSG as the major product, and GSNO was formed
at significantly lower levels. However, in contradiction to our earlier study [26], they also
demonstrated that the formation of GSNO could be inhibited by the thiyl radical trap, DMPO,
thus providing evidence that thiyl radical formation represented a major pathway for GSNO
formation (Pathway 2). Schrammel et al [9] had earlier arrived at a similar conclusion using
TEMPOL as a radical scavenging agent. In contrast Koshiishi et al reported that DMPO
inhibited GSSG formation but enhanced GSNO formation [27] suggesting thiyl radicals were
not involved in S-nitrosothiol formation. Figure 3A–D shows the formation of GSNO, GSSG,
nitrite and nitrate measured using the ion-pair HPLC method described by Jourdeuil et al. [8].
In agreement with these authors, we observe the formation of both GSSG and GSNO in this
reaction system, and GSSG is by far the major product by a ratio of approximately 5:1. In
addition, both nitrite and nitrate are formed, with nitrite in large excess of nitrate. However,
the introduction of DMPO causes a concentration-dependent decrease in GSSG and nitrate
formation but a slight increase in the rate of formation of GSNO. We have examined the effect
of temperature (24 °C and 37 °C), nitric oxide release rate (SPER/NO vs DEA/NO) and GSH
concentration and in all cases DMPO slightly increased GSNO formation (data not shown).
This is in agreement with our previous observations [26] and with the recent study of Koshiishi
et al [27].

Our data, on the surface, appear to support a mechanism whereby GSSG is formed via thiyl
radical mechanisms but GSNO is formed exclusively via the non-radical N2O3 formation
(pathway 1 in scheme 1). To investigate this we examined the effect of phosphate concentration
on the yield of GSNO and GSSG. Phosphate is known to accelerate N2O3 hydrolysis and
therefore should diminish GSNO formation. Unfortunately the decay rate of SPER/NO is
acutely sensitive to phosphate concentrations and so in order to examine the effect of phosphate
independently of NO release rate, we conducted a series of experiments looking at the effect
of NO release rate on the formation of GSSG and GSNO by using a range of concentrations
of SPER/NO in 50 mM phosphate. As shown in Figure 4A., the formation of both GSSG and
GSNO, as a function of the total nitrogen oxides formed (the sum of nitrite, nitrate and GSNO)
was a relatively linear function of SPER/NO concentration at constant phosphate
concentration. In the presence of increasing concentrations of phosphate, the amount of GSNO,
as a function of total nitrogen oxides formed, decreased from linearity indicating that phosphate
inhibited the formation of GSNO. Surprisingly, however, phosphate also decreased the
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formation of GSSG (Figure 4B). This indicates that phosphate inhibits not only the N2O3-
mediated nitrosation, but also thiyl radical-mediated pathways. Consequently, phosphate
cannot be used as a diagnostic agent to distinguish between pathways 1 and 2 in this system.

Anaerobic formation of GSNO from GSH and NO in the presence of NAD+

To investigate pathway 3, we examined the direct reaction between GSH and NO under
anaerobic conditions in the presence of an electron acceptor NAD+. Gow et al [10] indicated
that NAD+ could act as an electron acceptor to oxidize the hydroxylamino radical to the S-
nitrosothiol, although only indirect methods were used to detect S-nitrosothiol formation. We
reexamined this reaction by incubating GSH (750 µM) in phosphate buffer (50 mM, containing
100 µM DTPA, pH 7.4) deoxygenated with alternating vacuum assisted removal of oxygen
and introduction of argon gas, and then equilibrated in an anaerobic chamber for an hour, where
PROLI/NO (40 or 400µM, half-life of 1.8s) was added from a deoxygenated stock solution.
The mixture was incubated for 10 minutes, and quenched with NEM (50 mM) in order to block
non-reacted thiol. GSNO was detected using the ozone-based chemiluminescence method (see
methods section). For comparison, separate control experiments were carried out in air. All
results are summarized in Figure 5. It can be seen that S-nitrosation was much more efficient
in the presence of air, where about 10% of liberated NO was converted into GSNO. However,
much lower levels of GSNO were detected when oxygen was not present and there was no
statistically significant variation among the levels of GSNO whether 40 or 400µM NO-donor
was used, or if NAD+ was present or absent. Our results suggest that the NAD+-assisted direct
formation of GSNO from NO and GSH (Pathway 3) represents a negligible pathway of GSNO
formation.

Kinetic Simulations
In total, the above experiments indicate that both pathway 1 and pathway 2 are operative in
this reaction mixture, but also indicate that the complexities of this reaction system are such
that interventions using scavengers have the potential to misdiagnose which pathways are
involved. Therefore we have chosen to model this system by obtaining a global numerical
kinetic solution to the differential equations derived from the reaction mechanism shown in
scheme 1. The rate constants and equations used in the global simulation are shown in table 2
and give excellent agreement with the data (Figure 6). Using this model, the basic qualities of
this reaction system can be understood and are as follows:

1. The major reactions that occur are oxidative and not nitrosative. The major products
are GSSG and nitrite with GSNO and nitrate being minor products. This conclusion
was also drawn by Lancaster using a more complex kinetic scheme [28]

2. If we increase the rate constants of the reaction for pathway 3 so that these reactions
influence the rate of GSNO formation, the model is no longer able to fit the
experimental data in terms of yields of nitrite, nitrate and GSSG.

3. S-Nitrosothiols are formed by both radical and non-radical mechanisms. The
importance of each pathway is dictated by the steady-state concentration of thiyl
radical, but surprisingly, this has little effect on the total amount of RSNO formed.

4. The reversibility of the formation of N2O3 from NO and NO2 means that any
intervention in one pathway of RSNO formation will have an effect on the other
pathway. For example, if we simulate the presence of high phosphate by increasing
the N2O3 hydrolysis rate, GSNO formation is reduced, but the rate of thiyl radical
formation (and consequently GSSG formation) is also decreased due to the decrease
in steady-state concentration of NO2. Conversely, if we simulate the trapping of thiyl
radicals with DMPO, this has the effect of removing downstream reactions that
scavenge NO, thus increasing the steady-state level of NO and favoring N2O3-
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mediated S-nitrosation. The switch between the N2O3-mediated S-nitrosation and
thiyl radical-mediated S-nitrosation as a function of DMPO concentration is shown
in Figure 7.

Reaction of GSH with NO in the presence of protein
It was established earlier [11] that the reaction between NO and oxygen occurs preferentially
in hydrophobic sub-environments within aqueous solution due to the selective partitioning of
both NO and oxygen in hydrophobic phases. This has led to the idea that the hydrophobic
interior of proteins represents a locus of enhanced S-nitrosothiol formation [3]. Indeed serum
albumin has been reported to be an avid catalyst of both protein and glutathione S-nitrosation
[13,14].

To investigate potential autocatalysis of protein nitrosation by both HSA and BSA, DEA/NO
(half-life of 2 min) was incubated with either cysteine, GSH, HSA or BSA (50 µM in each
case in 50mM phosphate buffer/1mM DTPA pH 7.4) and absorbance changes recorded at 336
nm, indicative of the formation of an S-nitrosothiol. In contrast to Rafikova et al [14], no
difference was observed between the kinetics of S-nitrosation of amino acid, peptide, or protein
(Figure S1, supplementary data).

To further examine if albumin could influence the kinetics of GSNO formation from GSH and
NO, we examined both overall RSNO content (using ozone-based chemiluminescence), and
also GSNO formation by HPLC (TFA method) during incubations of albumin, GSH and SPER/
NO. Figure 8 shows that the presence of both BSA and HSA decreased the total amount of
RSNO detected. Pre-treatment of the proteins with NEM did not greatly affect the outcome.
Although NEM-treated BSA did appear to support more RSNO formation than untreated BSA,
this level was still significantly less that when GSH was used alone. In a separate control
experiment it was determined that by the time of analysis the NO donor had completely
decomposed, and did not yield an artificial peak during chemiluminescence detection (not
shown). Addition of HgCl2 to the samples consistently abolished the chemiluminescence
signal, indicating the exclusively formation of S-nitrosothiols (data not shown). The results in
Figure 8 left panel were recapitulated when GSNO was examined directly (Figure 8 right
panel), with both proteins inhibiting GSNO formation. The effect of both protein and
glutathione concentration are shown in Figure 9, measuring either total RSNO or GSNO. In
no case was a protein-dependent increase in GSNO yield observed. No protein covalent cross-
linking or fragmentation was observed by reducing SDS-PAGE during incubation in these
conditions (data not shown).

Discussion
Kinetic Considerations

The formation of GSNO from the aerobic reaction of nitric oxide with oxygen has been shown
to be second order in nitric oxide and first order in oxygen [7]. On the assumption that the
initial reaction between NO and oxygen is the radical-radical combination of these two radicals,
Czapski et al [29] analyzed the reaction between NO, oxygen and GSH according to the
Equations 1 to 4. From this reaction sequence, if

[1]

[2]
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[3]

[4]

steady-state approximations are made for the concentrations of ONOO•, •NO2 and N2O3, the
following expression can be derived:

This mechanism has some interesting features. Firstly, the stoichiometry of the reaction is 1
O2: 4 NO: 2 GSNO. Additionally, if k−1 >> k2[NO] (as is likely) the rate of GSNO formation
can be approximated to:

Consequently the rate of formation of RSNO has a first order dependence on the concentration
of oxygen, and a second order dependence on NO concentration. Wink et al [6], Czapski et al
[7] and Kharitonov et al [30] have confirmed this by experiment.

In addition to this mechanism it has been proposed that a competing pathway of nitrosation
may involve the direct oxidation of GSH by nitrogen dioxide to form glutathionyl radical, and
the subsequent addition of NO to this radical (Equations 1, 2 5 and 6). As written, this
mechanism is stoichiometrically and kinetically indistinguishable

[5]

[6]

from the one described above, as it also is limited by the reaction between NO and oxygen and
has a theoretical stoichiometery of 1 O2: 4 NO: 2 GSNO. However, this reaction involves a
thiyl radical intermediate that may have many other competing reactions, including reaction
with thiol, oxygen and RSNO itself, all of which will alter the reaction stoichiometry and are
discussed in detail below.

Gow et al [10] proposed an alternative mechanism for the formation of RSNO from NO, oxygen
and thiols. Their study exclusively examined the reaction of NO with cysteine, but extrapolated
their findings to other S-nitrosothiols. This mechanism (illustrated using GSH) envisaged the
direct reaction between NO and the thiol to generate a putative free radical intermediate
(Equation 7) that then reduces oxygen to

[7]

Keszler et al. Page 8

Free Radic Biol Med. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



[8]

[9]

form superoxide and RSNO (Equation 8). The superoxide then reacts with NO to form
peroxynitrite (Equation 9). The putative GSNOH radical intermediate has previously been
proposed as an intermediate in the thiol-mediated reduction of NO under anaerobic conditions
[31].

Assuming GSNOH and superoxide are at steady-state, it can be shown that:

The stoichiometry of this mechanism is 1 O2 : 1 GSNO : 2 •NO and, if it assumed that k−7 >>
k8[O2] this equation collapses to:

This reaction is first order in NO, oxygen and GSH. The study of Gow et al [10] in support of
pathway 3 reported the inherent contradiction of a second order dependence on NO. If it
assumed that all mechanisms are in operation, and ignoring downstream reactions of the
glutathionyl radical, then the formation of GSNO is given by the sum of these two processes:

The value of kα has been determined to be 2 × 106 M−2s−1[7], in very close agreement to the
known rate constant for the oxidation of nitric oxide by oxygen [21,32,33]. The value of kβ is
unknown. However, it can be calculated that for kβ to be the major route of GSNO formation
then:

As the inclusion of the Pathway 3 does not improve the fit to the data we conclude that at a
steady state NO concentration of 5 µM (the approximate situation in the experiments presented
here), kβ << 400 M−2s−1 (i.e. much less than 10% of the reaction follows this pathway).
Experimentally, we also did not observe GSNO formation from the anaerobic reaction between
NO, GSH and NAD+ as reported by Gow et al [10] for cysteine. It is possible that the pathway
3 could play a role at lower steady state levels of NO, however, without knowledge of the value
of kβ this remains to be proven and can at this stage only be regarded as speculative.
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The role of thiyl radicals
In agreement with previous investigators [9,25], we have demonstrated a robust formation of
glutathionyl radicals during the oxidation of NO in the presence of GSH. It is likely that such
radicals are formed from reaction of NO2 with GSH and are responsible for the additional
consumption of both NO and oxygen that occurs downstream of the reaction between NO and
oxygen. Both kinetic and product analyses indicate that thiyl radical formation is the
predominant pathway in this reaction system and that the major product is glutathione disulfide
formed from the down-stream reactions of the glutathionyl radical. This agrees with
Jour’dheuil et al [8], and also with cell culture experiments showing that NO exposure, from
either endogenous or exogenous sources, results in very inefficient S-nitrosation [18,34].

How is GSNO formed?
The two major mechanisms of S-nitrosothiol formation that have been proposed are 1) that
N2O3 nitrosates thiols or 2) that NO nitrosates thiyl radicals. Our data indicate that attempting
to dissect these mechanisms by using either scavengers of thiyl radicals or by enhancing
N2O3 hydrolysis has complex effects on the reaction system. We show that increasing
phosphate concentration to enhance N2O3 hydrolysis decreases both GSNO and GSSG levels.
In addition, DMPO, used as a thiyl radical trap, inhibits the formation of GSSG but does not
inhibit formation of GSNO – in fact it slightly increases GSNO formation. Kinetic simulation
of the reaction network indicates that phosphate lowers GSSG formation by reducing the
steady-state level of NO2 and thereby preventing GS· formation. The effect of DMPO is to
inhibit all thiyl radical-mediated reactions, which leads to an increase in the steady-state NO
level (DMPO will inhibit both NO consumption by GS· and that which occurs of from the
downstream formation of superoxide), consequently enhancing N2O3 formation. Thus DMPO
inhibits one pathway while enhancing the other pathway resulting in very little change in the
rate of GSNO formation. The effect of DMPO on GSNO formation depends on the ratio of the
rate constants for reactions 4 and 6 in table 2. Using published values [7] this ratio is about 3.
If this ratio is increased by increasing the rate constant for reaction 4, , the result is to both
increase the yield of GSNO and switch the effect of DMPO from slightly inhibiting to slightly
enhancing the rate of GSNO formation. Our data and simulations suggest that the ratio of these
two rate constants should be closer to ~15 at 22 °C. The inhibition of GSNO formation by
TEMPOL and ascorbate observed by Schrammel et al [9] probably speaks to the fact that these
agents could inhibit the process at multiple levels, scavenging both thiyl radicals and nitrosating
intermediates.

Using a more complex simulated network of reactions, including reactions of tyrosine and
differential fluxes of superoxide, Lancaster [28] concluded that S-nitrosation in vivo is a minor
reaction that occurs almost exclusively via radical recombination (pathway 2 in scheme 3).

As expected (from the kinetic discussion above) if the reactions for Pathway 3 in Scheme 1
(Equations 7–9) were included, and rate constants were set significantly high to influence the
formation of GSSG and GSNO, then the data and the simulation were no longer compatible
(not shown). In other words, if this pathway was allowed to influence the simulation, then the
simulation could no longer model the data. This further indicates that in the reaction system
under study, pathway 3 is not playing a major role.

S-Nitrosation and hydrophobic protein environments
We demonstrate that protein does not catalyze S-nitrosation of either low molecular mass thiols
or protein sulfhydryls. Instead, BSA and HSA hinder S-nitrosothiol formation in a
concentration dependent manner. These findings are in stark disagreement with the findings
of Rafikova et al [14], according to which NO diffuses into the hydrophobic core of the protein,
then after reacting with oxygen, remains trapped as a long-lived nitrosating species
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(BSAN
2
O

3, t1/2~10min). The inhibitory effect of protein on S-nitrosation can be explained by
hypothesizing that hydrophobic environments enhance the rate of the NO/oxygen reaction
[11], thus lowering the steady-state NO level. Our results suggest that any NO oxidation
product formed in the hydrophobic interior of protein, does not convert easily into an S-
nitrosothiol. We can conclude that S-nitrosation does not appear to be enhanced by the presence
of protein. Recently Zhang et al [35] reported similar negative results for S-nitrosation of thiols
in the membrane interior by NO/oxygen.

Conclusions
Both radical and non-radical mechanisms of GSNO formation are occurring in the simplified
system studied here, and the presence of thiyl radical scavengers that do not yield down-stream
superoxide formation results in a switch from one mechanism to the other. In the presence of
cellular SOD it is possible that the effect of superoxide will be minimized and so the presence
of any reaction that scavenges thiyl radicals will favor N2O3-mediated nitrosation over GS·-
mediated nitrosation. Consequently in cells, that contain significant levels of SOD, GSH, other
thiols, oxygen, and any other targets for GS· may serve to favor GSH nitrosation by N2O3.
Conversely, any mechanism that could enhance thiyl radical formation, such as increased
superoxide formation or the action of peroxidases, should favor nitrosation via thiyl radicals.
Whether such process can actually increase the level of nitrosation, or rather just divert
nitrosation from one mechanism to another, remains to be seen. We find no support for the
notion that hydrophobic protein environments enhance S-nitrosation of protein or low
molecular mass thiol. This does not rule out the likelyhood that some individual proteins
contain cystiene residues in microenvironments that poise their chemical reactivity with
nitrogen oxides such to enhance their ability to be S-nitrosated.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

GSH glutathione

GSNO S-nitroso glutathione

GSSG glutathione disulfide

RSNO S-nitroso protein

SNO nitrosothiol

DTPA diethilenetriamine pentaacetic acid

TBAHS tetrabutyl ammonium hydrogen sulfate

CPTIO 2-(4-carboxyphenyl)-4,5-dihydro-4,4,5,5-tetramethyl-1H-imidazollyl-1-
oxy-3-oxide

DMPO 5,5-dimethylpyrroline-N-oxide

NEM N-ethyl maleimide
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SPER/NO N-[4-(3-aminopropyl)-2-hydroxy-2-nitrosohydrazino]butyl]-1,3-
propanediamine

PROLI/NO proline nitric oxide

DEA/NO 1,1-diethyl-2-hydroxy-2-nitrosohydrazine

BSA bovine serum albumin

HSA human serum albumin

BSA-NEM NEM-blocked BSA

HSA-NEM NEM-blocked HSA

DTT dithiothreitol

TFA trifluoroacetic acid
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Figure 1. The effect of GSH on NO consumption
NO gas was sequentially added into a buffer solution with (dotted line) or without (solid line)
GSH (1mM) at 37°C. Each addition was calculated to give a final concentration of 350nM of
NO. The NO level was recorded by an NO electrode.
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Figure 2. Reaction of NO and GSH in the presence of DMPO. Upper panel
The EPR spectrum recorded after mixing GSH (5mM), DMPO (100mM) and NO (200µM).
Lower panel: Formation of DMPO-SG adduct in the reaction of GSH (1mM) and SPER/NO
(200µM) and DMPO (100mM).
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Figure 3. The effect of DMPO on GSNO, GSSG, nitrite, and nitrate formation in the reaction of
SPER/NO with GSH
SPER/NO (200µM) was incubated with GSH (1mM) at room temperature in the presence of
various concentrations of DMPO. The GSNO, glutathione disulfide (GSSG), nitrite and nitrate
concentrations at different time points were determined by HPLC (TBAHS method).
Diamonds, squares, triangles, and circles refer to 0, 50, 100, and 150mM DMPO, respectively.
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Figure 4. The effect of phosphate on GSNO and GSSG formation
SPER/NO was incubated with GSH (1mM) at room temperature for 190 minutes. Various
concentrations of SPER/NO (Squares: 100, 200, 500 µM) were used were incubated in 50 mM
phosphate buffer containing 1 mM DTPA, pH 7.4, and HPLC analysis of the products was
performed. SPER/NO (200 µM) was incubated in , various concentrations of phosphate
(Diamonds: 10, 50, 100, 150, 250, or 500mM) containing 1 mM DTPA, pH 7.4, and HPLC
analysis of the products was performed. The GSNO and GSSG concentrations at different time
points were determined by HPLC (ion-pair method) and plotted vs the total released nitrogen
oxide content (the sum of nitrite, nitrate and GSNO). Data represent mean ± SD (n = 3).
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Figure 5. Nitrosation of GSH with PROLI/NO in the presence of NAD
GSNO generated in the interaction of 750µM GSH with 40 and 400µM PROLI/NO (referred
as low NO and high NO, respectively), under anaerobic conditions, and in the presence of air.
Values are means±SD (n=3). No significant differences were found between the pairs of
experiments with and without NAD+. (P = 0.13, 0.16, 0.73, 0.78, respectively from left to
right.)

Keszler et al. Page 19

Free Radic Biol Med. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. Kinetic simulation of the reaction between NO, GSH, and oxygen
The model described in table 2 was simulated and fitted to a selection of the data shown in
Figure 3. A: Fit with published rate constants. B: Fit with adjusted rate constants k4 (see table
2). C: Effect of DMPO (100 mM) using adjusted rate constant for reaction 4 (table 2).
Diamonds, squares, circles, and triangles refer to nitrite, GSSG, GSNO, and nitrate,
respectively.
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Figure 7. Kinetic simulation of the different reaction routes of the reaction between NO, GSH, and
oxygen
Simulated GSNO yields from (i) dashed line, N2O3 pathway (pathway 1 in scheme 1); (ii)
dotted line, thiyl radical pathway (pathway 2 in scheme 1); (iii) bold line, total GSNO
formation; as a function of DMPO concentration. diamonds: experimental data from Figure
3C.
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Figure 8. Nitrosation of GSH with SPER/NO in the presence of protein
Kinetics of S-nitrosothiol formation from GSH (1mM) and SPER/NO (200µM) with and
without addition of 400µM BSA, and HSA. Left panel: total RSNO measured by
chemiluminescence. Right panel: GSNO measured with HPLC. Symbols: ◊: no protein, □:
with BSA, ∆: with HSA, ■: with BSA without GSH, ▲: with HSA, without GSH. Values are
means±SD (N=3).
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Figure 9. Nitrosation of GSH with PROLI/NO
Upper panel: levels of RSNO (left), and GSNO (right) as a function of GSH concentration with
17µM protein and 50µM PROLI/NO. Lower panel: levels of RSNO (left), and GSNO (right)
as a function of protein concentration with 2mM GSH and 50µM PROLI/NO. Symbols: ◊: no
protein, □: with BSA, ∆: with HSA. Values are means±SD (N=3).
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Scheme 1. Proposed pathways of the reaction between GSH, NO, and oxygen
Pathways 1, 2 and 3 are indicated in red, blue and green respectively.
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Table 1

The effect of GSH on the consumption of oxygen.

Conditions NO added
(nmol)

O2 consumed
(nmol)

NO/O2

NO 267 62.3 ± 3.0 (4) 4.32 ± 0.21

NO + GSH 267 81.3 ± 2.4 (4) 3.25 ± 0.05

NO + CPTIO 267 2.3 ± 3.3 (4) 0

NO + GSH + CPTIO 267 48.6 ± 4.8 (4) 5.54 ± 0.55

NO gas was added into a buffer solution (50mM phosphate/1mM DTPA, pH 7.4) with and without GSH (1mM) and CPTIO (1mM). Oxygen
consumption upon NO addition was monitored by an oxygen electrode at 37°C. Data represent mean ± SD (n=4).
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Table 2

Rate constants used for kinetic simulations.

# Reaction Published Rate
Constant

Ref Rate constant
used in
simulations (if
different)

1 Sper/NO → 2NO 5 × 10−5 s−1 a 4.62 × 10−5 s−1

2 2NO + O2 → 2NO2 2 × 106 M−2 s−1 [21]

3 NO + NO2 ⇌ N2O3 1.1 × 109 M−1 s−1 [29]

8.1 × 104 s−1 [29]

4 N2O3 + GSH → GSNO(1) + HNO2 6.6 × 107 M−1 s−1 [36] 7 × 108 M−1 s−1

5 N2O3→2HNO2 4.75 × 104 s−1 [7]b

6 NO2 + GSH → GS· + HNO2 2.2 × 107 M−1 s−1 [37]

7 GS· + NO → GSNO(2) 3 × 109 M−1 s−1 [38]

8 GS· + GS· → GSSG 1 × 109 M−1 s−1 [38]

9 GS· + GSH ⇌ GSSG·− 7 × 107 M−1 s−1 [39]

2.3 × 105 s−1 [39]

10 GSSG·− + O2 → GSSG + O2
− 5 × 109 M−1 s−1 [40]

11 NO + O2
−→ ONOO− 1.9 × 1010 M−1 s−1 [41]

12 ONOO− +GSH →GSOH+HNO2 660 M−1 s−1 [42]

13 GSOH+GSH →GSSG 1 × 105 M−1 s−1 estimate

14 ONOO− →OH· + NO2 0.35 s−1 [43]

15 OH· + GSH →GS· 1 × 109 M−1 s−1 fast

16 ONOO− →NO3
− 0.9 s−1 [43]

17 OH· + NO →HNO2 1 × 109 M−1 s−1 fast

18 GS· + DMPO →GSDMPO 6.4 × 105 M−1

s−1

19 NO + GSH ⇌ GSNOH 10 M−1 s−1

1000 s−1

20 GSNOH+O2 →GSNO(3) + O2
− 1 × 10−3 M−1 s−1

a
Calculated from a half-life of 230 minutes at 22 °C.

b
Calculated from k=(530 + 9.4×104[Phosphate]) s−1
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