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Abstract

S-nitros(yl)ation belongs to the redox-based posttranslational modifications of proteins but the
underlying chemistry is controversial. In contrast to current concepts involving the autoxidation of
nitric oxide ("NO, nitrogen monoxide), we and others have proposed the formation of peroxynitrite
(oxoperoxonitrate(1-)) as an essential intermediate. This requires low cellular fluxes of *NO and
superoxide ("O57), for which model systems have been introduced. We here propose two new
systems for nitros(yl)ation that avoid the shortcomings of previous models. Based on the thermal
decomposition of 3-morpholinosydnonimine, equal fluxes of “NO and "O,~ were generated and
modulated by the addition of "NO donors or Cu,Zn-superoxide dismutase. As reactants for S
nitros(yl)ation, NADP*-dependent isocitrate dehydrogenase and glutathione were employed, for
which optimal S-nitros(yl)ation was observed at nanomolar fluxes of "NO and *O,™ at a ratio of
about 3:1. The previously used reactants phenol and diaminonaphthalene, (C- and N-nitrosation)
demonstrated potential participation of multiple pathways for nitros(yl)ation. According to our
data, neither peroxynitrite nor autoxidation of *NO was as efficient as the 3'NO/1°0,~ system in
mediating S-nitros(yl)ation. In theory this could lead to an elusive nitrosonium (nitrosyl cation)-
like species in the first step and to N,Og in the subsequent reaction. Which of these two species or
whether both together will participate in biological S-nitros(yl)ation remains to be elucidated.
Finally, we developed several hypothetical scenarios to which the described U flux model could
apply, providing conditions that allow either direct electrophilic substitution at a thiolate or S
nitros(yl)ation via transnitrosation from S-nitrosoglutathione.
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With the nomenclature “S-nitros(yl)ation” that we use throughout the article, we conform with the numerous publications on
biological Snitros(yl)ation. However, this term does not reflect the important difference between “nitrosylation” caused by addition
of *°NO to metal centers and “nitrosation” at a nucleophilic carbon, nitrogen, or sulfur atom leading to formal esters of nitrous acid.
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Introduction

Redox regulation comprises several chemical mechanisms of oxidative or reductive
modifications of proteins involved in the regulation of metabolic or biosynthetic pathways.
These modifications include zinc-finger oxidation, methionine sulfoxidation, and oxidation
or nitration of tyrosine residues [1], which all can be assigned to peroxynitrite derived from
equal fluxes of nitric oxide (nitrogen monoxide, “NO) and superoxide anion (*O5~). The high
reactivity of peroxynitrite (ONOO™) allows such posttranslational modifications to occur in
the submicromolar range and hence under physiological conditions [2,3].

An abundant posttranslational modification is S-nitros(yl)ation of Cys residues in proteins
and low-molecular-weight thiols such as glutathione. Although S-nitros(yl)ation is abundant
under physiological and pathophysiological conditions [4-7], neither are the underlying
mechanisms well understood nor is there a unifying hypothesis on its physiological
significance [8]. Because many enzymes rely on thiols as essential catalytic or structural
groups, an inhibition but also an activation could be a consequence, as exemplified by the
regulation of the NMDA receptor [9], HIF [10], or NF-xB [11], which have all been
reported to involve S-nitros(yl)ation. According to the pioneering work of Stamler et al.
[12,13], it can be assumed that enhanced biosynthesis of *NO during cellular activation leads
to a distinct nitros(yl)ation pattern in which glutathione (GSH) may be a primary target of a
still elusive nitrosating agent [14]. By a mechanism of transnitros(yl)ation, other proteins
containing consensus sequences for S-nitrosoglutathione (GSNO) binding may follow [15].
This hypothesis is supported by the high pK, value of GSH and hence a high group transfer
potential of GSNO to thiols or thiolates of proteins with low pK, values. N-nitrosation has
also been observed under cellular conditions, thus allowing the conclusion that an elusive
nitrosating species exhibits a broad target spectrum [16-19]. However, there are no literature
data available on the physiological relevance of N-nitroso species.

Formally, nitros(yl)ation proceeds by the reaction of a nitrosonium ion (NO™) with a
nucleophilic group (Eq. 1), but it is generally understood that in a physiological pH range,
NO™ is not stable but immediately forms nitrite (dioxonitrate(1-)) (Eq. 1a):

R—XH+[NOT] - R—X-NO+H" ()

[NOT]+OH™ — NO2™~  (1a)

However, dinitrogen trioxide (N,O3), the anhydride of nitrous acid, is a well-known
nitrosating agent that can be formed from *NO and the *"NO, radical (Eqg. 3). The latter may
arise as an autoxidation product of *NO in the presence of dioxygen (Eq. 2) but this reaction
is second order with regard to *NO and hence becomes very slow at physiological
concentrations of *NO [20]. Therefore the autoxidation of *NO with subsequent formation of
N,O3 seems to be an implausible model for biological Snitros(yl)ation:

2°NO+03 — 2°NO2 (2

Free Radic Biol Med. Author manuscript; available in PMC 2014 May 01.
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*NO2+°*NO — N,03 (3)

This also renders the alternative mechanism of electron abstraction from a thiolate by *NO»,
or *O,~ unlikely [21]. Recent reports showing thiyl radical trapping in the presence of
peroxynitrite [22] used high concentrations of peroxynitrite in the presence of CO,, which
easily leads to homolytic cleavage [23] of the CO,/peroxynitrite adduct. It has been pointed
out repeatedly that bolus additions of peroxynitrite may give erroneous results compared to
the generation of peroxynitrite by low fluxes of *NO and *O,™ as seen under physiological
conditions [24]. However, recent kinetic data were in favor of thiyl-mediated S
nitros(yl)ation, requesting consideration of this pathway as well [25].

A second pathway leading to an NO*-like species would be catalysis of “NO oxidation by an
oxidized transition metal complex as present in nitroprusside (Fe(I111)NO(CN)s)2~. This
would require continuous reoxidation of the reduced metal ion. Indeed, metal-based
mechanisms for nitros(yl)ation were previously proposed [26,27].

More recently a third pathway was suggested when indirect evidence indicated an
interaction of "NO with peroxynitrous acid [16,28,29], which owing to its pK, value of 6.6,
is in equilibrium with peroxynitrite [30]. According to the reaction

*NO+HOONO — NO; +HT+°NO;  (4)

the *NO radical could yield N,O3 with an additional molecule of *NO, resulting eventually
in a stoichiometry of 3 *"NO to 1 *O,™ for the nitros(yl)ation process via N,Os. If the above
reaction would be sufficiently fast, a low steady-state level of peroxynitrite would be the
consequence in the presence of an excess of *NO. This was experimentally supported by
complete abolishment of the peroxynitrite mediated zinc finger oxidation in alcohol
dehydrogenase at an about threefold molar excess of “NO over *O,~ [29]. Superoxide fluxes
were generated by hypoxanthine/xanthine oxidase (HX/XO) and *NO fluxes by spermine
NONOate (SPENO). Whereas Espey et al. [16] observed an optimum of
diaminonaphthalene (DAN) nitrosation also at a ratio of 3 *NO : 1°O,~, we had reported
nitrosation of phenol by coincubating equimolar concentrations of 3-
morpholinosydnonimine hydrochloride (Sin-1) and SPENO [29]. The aerobic thermal
decomposition of Sin-1 releases *NO and *O,~ at equal rates [31] and SPENO generates 2
mol of *NO [32] thus resulting in a stoichiometric release of 3 "NO and 1 *O,™. This system
yielded fivefold higher amounts of 4-nitrosophenol compared to Sin-1 and SPENO alone
[29]. To address the underlying mechanism in detail we here used the methodology and the
concept of two papers published in 2002 [16,29].

Precise kinetics of the decay curves, however, were not considered in these previous
publications. In such complex systems, secondary reactions of NONOate with *O5~ or
peroxynitrite could arise, or the kinetics of *O,™ generation by xanthine oxidase could have
been modified by reactive intermediates. In addition, because peroxynitrite at pH 12 did not
react with *NO, the reaction of "NO with peroxynitrous acid (Eq. 4) also has been seriously
questioned [33].

Free Radic Biol Med. Author manuscript; available in PMC 2014 May 01.
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To highlight the biological significance of the herein described nitros(yl)ation mechanism,
NADP*-dependent isocitrate dehydrogenase (ICDH) was chosen as a biologically relevant
target, because its S-nitros(yl)ation had been shown to inhibit the enzyme [34,35]. However,
it should be noted that purified enzymes are only part of a biological model because the
complex environment of the cell is only partially mimicked [36].

As a new nitros(yl)ation model we here propose the aerobic decay of Sin-1 in the presence

of Cu,Zn-superoxide dismutase (Cu,Zn-SOD), which was suited to display S-nitros(yl)ation
of ICDH at a defined maximum without considerable S-NO formation by peroxynitrite

or *NO alone. This system has the potential to serve as a suitable model to study cellular S

nitros(yl)ation reactions under kinetically identical flux conditions for *"NO and *O5".

Materials and Methods

Materials

Sin-1 was obtained from Calbiochem (La Jolla, CA, USA). SPENO was purchased from
Cayman Chemicals (Ann Arbor, MI, USA), DAN and dihydrorhodamine 123 (DHR) were
from Fluka (Buchs, Switzerland). Polyethylene-glycolated Cu,Zn-superoxide dismutase
(PEG-SOD; EC 1.15.1.1) from bovine erythrocytes, NADP*-dependent ICDH (EC 1.1.1.42)
type IV from porcine heart (solution in 50% glycerol), XO (EC 1.1.3.22) grade Il from
buttermilk, cytochrome ¢, S-nitrosoglutathione, and 4-nitrosophenol were provided by
Sigma-Aldrich (Deisenhofen, Germany).

N-nitrosation

A solution of DAN (2.5, 20, or 100 pM) in potassium phosphate buffer (0.1 M, pH 7.4) was
incubated with a fixed concentration of Sin-1 (1, 10, or 100 uM) in the presence of
increasing amounts of SPENO (0.1-1000 uM) for 90 min at 37°C. *NO-alone control was
performed with 20 puM DAN and SPENO (1-100 pM) without Sin-1. DAN N-nitrosation
(triazol formation) was measured by fluorescence detection (excitation 370 nm; emission
460 nm) using a Twinkle fluorescence plate reader (Berthold Technologies, Bad Wildbad,
Germany). Similar experiments were performed with a solution of DAN (20 or 100 uM) and
a fixed concentration of Sin-1 (10 or 100 uM) in the presence of increasing amounts of
PEG-SOD (0.00033-100 U/ml) for 90 min at 37°C. *NO alone control was performed with
20 uM DAN and 10 uM SPENO with PEG-SOD (0.00033-100 U/ml). The effect of
bicarbonate (25 mM) on N-nitrosation was studied in a system with 20 uM DAN, 10 uM
Sin-1, and PEG-SOD (0.00033-100 U/ml). The concentration-dependent effects of
bicarbonate (0.001-100 mM), uric acid (0.0001-10 mM), and sodium azide (0.001-100 mM)
were tested under maximal nitrosation conditions in the presence of 100 uM Sin-1 and 3.3
U/ml PEG-SOD at pH 7.4 (the pH was controlled and adjusted where necessary).

Dihydrorhodamine 123 oxidation

The kinetics of peroxynitrite (from Sin-1; 10 or 100 pM)-dependent oxidation of DHR (50
UM) were determined by fluorescence detection (ex 500 nm, em 535 nm) over 90 min using

Free Radic Biol Med. Author manuscript; available in PMC 2014 May 01.
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a Twinkle fluorescence plate reader. The decrease in DHR oxidation was measured as a
function of the PEG-SOD concentration (0.00033-333 U/ml).

*NO release from Sin-1 and SPENO

*NO release from Sin-1 (10 or 100 pM) was qualitatively assessed in the presence of PEG-
SOD (1-100 U/ml) using an *NO electrode (Ami NO-700, Innovative Instruments, Quee
Brooks Court, FL, USA). The electrode was calibrated daily with NaNO» standards in 0.1 M
H,SO4 containing 100 UM potassium iodide. For calibration of the instrument, the A-current
between the baseline and the peak after addition of NaNO, was determined.

Additionally, *NO release from SPENO (10-30 pM) was quantitatively assessed using the
oxidation of oxyHb to metHb as previously published [37].

SOD activity assay and cytochrome c-dependent determination of superoxide formation

rates

PEG-SOD (Sigma) in 100 mM potassium phosphate, pH 7.4, was incubated with Sin-1 or
SPENO at 37°C for 5 h to allow complete decomposition of the compounds. PEG-SOD (2.5
U/ml) was then added to a system containing 50 mU/ml xanthine oxidase (Fluka), 1 mM
hypoxanthine (LKT Laboratories), and 50 uM cytochrome ¢ (Sigma). The reduction of
cytochrome ¢ was measured at 550 nm over a period of 3 min [8,37]. Superoxide formation
rates were measured in the absence of SOD with XO (0.1-10 mU/ml) by reduction of
cytochrome ¢ at 550 nm using es5p = 19.5 mM-1 cm™ as previously published [37].

C-nitrosation

A solution of phenol (5 mM) in potassium phosphate buffer (0.1 M, pH 7.4) was incubated
with a fixed concentration of Sin-1 (20 uM) in the presence of increasing amounts of PEG-
SOD (0.1-2500 U/ml) for 90 min at 37°C. Similar experiments were performed with 10 mM
phenol and 200 pM Sin-1 and PEG-SOD (0.1-2500 U/ml). In another set of experiments, a
solution of phenol (5 mM) in potassium phosphate buffer (0.1 M, pH 7.4) was incubated
with a fixed concentration of Sin-1 (10 uM) in the presence of increasing amounts of
SPENO (2.5-100 pM) for 90 min at 37°C. *NO alone controls were also performed. The
concentration-dependent effects of bicarbonate (0.001-100 mM), uric acid (0.0001-10 mM),
and sodium azide (0.001-100 mM) were tested under maximal C-nitrosation conditions in
the presence of 5 mM phenol, 20 uM Sin-1, and 33 U/ml PEG-SOD at pH 7.4 (the pH was
controlled and adjusted when necessary). Phenol C-nitrosation (4-nitrosophenol formation)
was measured by HPLC. Briefly, the samples were kept on ice and 100 pl was subjected to
HPLC analysis using an M480 HPLC pump and SP-6 UV-Vis spectrophotometric detector
from Gynkotek GmbH (Germering, Germany) and a ChromJet integrator from Thermo
Separation Products (Hertfordshire, UK). The main product, 4-nitrosophenol, was
isocratically eluted (0.8 ml/min flow) using a C1g-Nucleosil 125x4 100-3 reversed-phase
column from Macherey-Nagel GmbH (Dtren, Germany). The mobile phase contained
acetonitrile (35%) in 50 mM citric acid buffer (65%), pH 2.2. Nitrosophenol was detected at
300 nm and quantified using an internal and external standard (4-nitrosophenol). The typical
retention time was 2.5 min.

Free Radic Biol Med. Author manuscript; available in PMC 2014 May 01.
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S-nitros(yl)ation

A solution of ICDH (5 uM) in potassium phosphate buffer (0.1 M, pH 7.4) was incubated
with a fixed concentration of Sin-1 (30 uM) in the presence of increasing amounts of
SPENO (0.033-1000 pM) for 90 min at 37°C. ldentical experiments were performed with
increasing amounts of PEG-SOD (0.001-333 U/ml) instead of SPENO. Qualitatively similar
results were obtained when a mixture of ICDH (1 uM) and Sin-1 (50 uM) was incubated for
90 min at 37°C in the presence of increasing amounts of PEG-SOD (0.033-333 U/ml). S
nitros(yl)ation of ICDH (S-nitrosocysteine formation) was detected by dot blot analysis
using a specific antibody against S-nitrosocysteine. Briefly, 20 pl (for 5 uM ICDH) or 100 pl
(for 1 pM ICDH) of each sample (approximately 75 pg of protein) was transferred to a
Protran BA85 (0.45-um) nitrocellulose membrane (Schleicher & Schuell, Dassel, Germany)
by a Minifold | vacuum dot-blot system (Schleicher & Schuell, Dassel, Germany). Each slot
was washed with 250 pl PBS and the membrane was dried for 15 min at 60°C. For detection
of Snitros(yl)ated protein, a rabbit polyclonal nitrosocysteinyl-residue antibody (Alexis, San
Diego, CA, USA) was used at a dilution of 1:1000. Positive dots were detected by enhanced
chemiluminescence after incubation with a peroxidase-coupled secondary antibody (GAR-
POX, 1:5000) (Vector Laboratories, Burlingame, CA, USA). All incubation and washing
steps were performed according to the manufacturer's instructions. Densitometric
quantification was performed by using a high-resolution scanner (Biometra/Epson) equipped
with the densitometry software Gel Pro Analyzer (Media Cybernetics, Bethesda, MD, USA).
Specificity of the antibody used was tested by decomposition of S-nitrosocysteine by
addition of 10 mM dithiothreitol (DTT) or 100 uM HgCl, to an SNO-positive ICDH sample
10 min before the transfer to the membrane. Snitros(yl)ation of ICDH was also detected by
trace metal-driven decomposition and subsequent DAN-dependent fluorescence. Briefly, 2.5
UM ICDH was incubated for 120 min without or with 50 uM Sin-1 plus 0.1, 3.3, or 100
U/ml PEG-SOD. After dilution 1:4 with buffer approximately 80% of the volume was
removed by size exclusion centrifugation using a 10-kDa Microcon filter device (Millipore,
Bedford, MA, USA). The remaining 20% was diluted 1:4 with buffer and these steps were
repeated a third time, resulting in a more than 100-fold dilution of the reaction solution.
These steps were performed to remove nitrite and other Sin-1 decomposition products,
which could lead to false-positive results. The final sample in the filter containing the ICDH
but almost no Sin-1 products was mixed 1:1 with DAN (50 uM), HgCl, and CuSO,4 were
added (25 uM each). The DAN fluorescence was measured using a Twinkle fluorescence
plate reader before and 20 min after addition of trace metals. The values without trace
metals were subtracted from those with copper and mercury. S-nitros(yl)ation was also
assessed by GSNO formation. GSH (1 mM) was incubated with 20 uM Sin-1 and increasing
concentrations of PEG-SOD (0.1-333 U/ml) for 90 min at 37°C in 0.1 M potassium
phosphate buffer, pH 7.4. GSNO formation was quantified by an HPLC-based method using
an ion-exchange column, Nucleosil 100-5SA, 150x4.6 mm, with a mobile phase of 4.5 g/L
ammonium citrate and 6 g/L phosphoric acid in water (pH 2.2). The flow rate was 1 ml/min.
The optical detection of GSNO at 338 nm resulted in a limit of quantification of GSNO at
0.1 pM.

Free Radic Biol Med. Author manuscript; available in PMC 2014 May 01.
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Results

Reactants for chemical nitros(yl)ation models

The three reactants used are depicted in Fig. 1 and have been employed in the model
systems. More detailed considerations on the use of these reactants and their nitros(yl)ation
mechanisms are provided in the online supplementary materials.

The hypoxanthine/xanthine oxidase/spermine NONOate system

Fluxes of O, can be conveniently generated by the HX/XO reaction and can be quantified
by the reduction of cytochrome c [37]. It is also practical to use NONOates as sources for
continuous “NO generation, which can be monitored polarographically, and because they are
available with various half-lives for their thermal decay under release of one or two
molecules of *NO, a close match to the kinetics of *O,~ formation can be achieved. This
setup with SPENO as the "NO donor has been used by us [24,29] and others [16,38] to study
the formation and fate of peroxynitrite with a concomitant generation of nitrosating
intermediates.

It was also difficult to meet the argument that the rates could be the subject of modulation by
the reactive intermediates generated. Likewise, xanthine oxidase is inhibited by
peroxynitrite [39,40] and its SH groups may also be targets for nitrosating species [41],
although we observed no significant loss of XO activity in response to incubation with Sin-1
(Supplementary Fig. 1S). In addition, uric acid as a potential product of hypoxanthine
oxidation may trap "NO, or peroxynitrite [42,43]. Similarly, NONOates may be influenced
in their decay by the simultaneous presence of O, or by radicals derived from
peroxynitrite, and vice versa, the release of *O,™ by XO may change in the presence of "NO.

As a first approach we repeated the nitrosation of DAN in the system HX/XO/SPENO with
a short incubation time of only 5 min, for which an almost linear formation of *NO and "O,~
could be assumed (Fig. 2). Under such conditions, increasing concentrations of XO with a
fixed amount of hypoxanthine and SPENO resulted in a maximum for the nitrosation of
DAN (Fig 2). The measured rates of *"NO and *O,~ formation from 30 pM SPENO and 0.33
mU/ml XO were 735 + 29 and 128 + 14 nM/min, respectively. In accordance, the ratio at the
nitrosation maximum in Fig. 2A was 5.74 *NO:1 *O,~. At the maximum in Fig. 2B (10 uM
SPENO and 0.21 mU/ml XO) the calculated ratio was 3.02 *NO:1 *O,™. The measured
formation rates were in good accordance with previous literature data (see extended results
in the supplementary material).

The Sin-1/spermine NONOate system

As a second approach, we replaced the supposedly vulnerable *O,~ generation of the
HX/XO system by a chemical *O,~ source. Sin-1 in aerated aqueous solutions at pH 7.4
generates equimolar fluxes of *NO and *O,~ with a reported half-life of about 35 min [44].
According to our own measurements based on DHR oxidation, the half-life under the
present conditions (100 mM potassium phosphate buffer, 37°C, pH 7.4) was 40 min (not
shown). For the half-life of SPENO measured under our assay conditions by a
polarographic *NO detection, about 40 min was also established, in accordance with

Free Radic Biol Med. Author manuscript; available in PMC 2014 May 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Daiber et al.

Page 8

previous reports [32]. Both compounds decayed by first-order kinetics with therefore very
similar half-lives, suggesting that a 1:1 aerobic mixture should result in *NO: "0, fluxes of
approximately 3:1. Considering the necessity of dioxygen for *O,~ formation by Sin-1 at a
concentration of 30 UM, an air-saturated buffer system (O, 240 uM) was used to guarantee
dioxygen saturation. Under these conditions we had found a fivefold higher phenol
nitrosation compared with the two components alone [29] after an incubation time of 90
min, during which both donors would have decomposed by first-order Kinetics. Because no
variation in the flux rates was performed in the previous experiment we now have repeated
such data, but with DAN as a reactant.

Using Sin-1 as low as 1 pM, the addition of increasing amounts of SPENO led to a
maximum at about 1.0 uM SPENO, with a decrease at 2 UM, after which a higher level was
maintained up to 10 uM SPENO (Fig. 3A). With 10 uM Sin-1 (Fig. 3B) a maximum was
found at about 12 uM SPENO with a decline at 30 pM followed by a steady increase up to
100 pM. With 100 pM SPENO (Fig. 3C), a maximum was hardly visible at about 120 uM
and the reaction proceeded linearly from about 200 uM on. Controls with NONOate alone
were run for the 100 UM concentration range showing a rather linear increase in DAN
nitrosation (Fig. 3B).

Thus, at all three concentrations of Sin-1, maxima were observed at about equimolar
SPENO and Sin-1 concentrations leading to a calculated ratio of about 3:1 with 1 uM Sin-1
or about 3.4:1 *°NO over *O,~ with 10 and 100 pM Sin-1.

The data clearly indicate that with *NO alone under aerobic conditions DAN undergoes
nitrosation. However, the presence of *O,™ enhances this basal activity, leading to the
observed maxima. It is evident that a subtraction of the basal activity is not justified because
the presence of O, will interfere with the concentration of *NO at the maximum of
nitrosation. It is also evident that at higher concentrations of *"NO (>100 uM) the
autoxidation of *“NO becomes an appreciable source of DAN nitrosation covering the
maximum observed at more physiological flux rates of 3 "NO :1 *O,~ (Fig. 3C).

The Sin-1/Cu,Zn-SOD system

Given the thermal decomposition of Sin-1 into *NO and the oxidation of the resulting radical
by dioxygen to *O,7, it should be possible to dismutate the resulting *O,~ by SOD to shift
the *NO:*O,~ ratio from 1:1 to higher values. Taking into account the extremely fast reaction
of "NO with *O,™, the competing concentrations of SOD should be high to achieve this
effect. Manganese SOD is known to be nitrated and inactivated by peroxynitrite [3] and
hence could not be used. Cu,Zn-SOD also can be inhibited by peroxides but in a reversible
manner [45]. Indeed, Cu,Zn-SOD at rather low levels has been shown to be pronitrosative in
the presence of Sin-1 [46]. Using the polarographic detection of *NO by a selective "NO
electrode [47], it was possible to detect *NO in Sin-1 incubations upon addition of increasing
concentrations of Cu,Zn-SOD (not shown). Because polyethylene-glycolated Cu,Zn-SOD is
considered to be more stable, this derivative was used further on and very similar results
were obtained (Fig 4A). The detection of *NO required a lag phase of about 25 s and then
increased with time. Interestingly, after about 3 min the lower concentrations of 1, 5, and 10
U/ml led to a plateau indicating a steady-state level of *NO, whereas higher concentrations

Free Radic Biol Med. Author manuscript; available in PMC 2014 May 01.
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of 50 and 100 U/ml caused a sustained increase over at least 10 min (Fig. 4A). This proves
that Cu,Zn-SOD can effectively compete with *NO and thus prevent *O,~ from combining
with *NO, but also indicates that at low concentrations, leaving sufficient *O,~ for
peroxynitrite formation, *NO is consumed in the system and stays at a low steady-state level.
Further support for trapping *O,~ by Cu,Zn-SOD during Sin-1 decay came from
measurements of DHR oxidation, which has been used to monitor peroxynitrite [48] (Fig
4B). High concentrations of Cu,Zn-SOD could largely block this oxidation but already low
concentrations up to 10 U/ml abolished about 50% of the oxidation rate. Under these
conditions the effects of Cu,Zn-SOD on the nitrosation were investigated. At concentrations
of 10 pM DAN and 10 uM Sin-1, the nitrosation reached a maximum at about 10 U/ml
Cu,Zn-SOD and returned almost back to the baseline at 100 U/ml (Fig. 4C). Fig. 4D
provides all three parameters ("NO release, DHR oxidation, and DAN nitrosation) as a
function of PEG-SOD concentration at 40 min incubation time.

C-nitrosation of phenol and S-nitros(yl)ation of ICDH and glutathione in the Sin-1 systems

The two new model systems for nitros(yl)ation, in which the kinetic disadvantages of the
HX/XO-SPENO system were largely eliminated, were used for the C-nitrosation of phenol
and for the Snitros(yl)ation of the reactant ICDH in further experiments. The nitrosation
maximum for phenol in the Sin-1 (20 pM)/SPENO (20 uM) system was less pronounced
than that for the N-nitrosation of DAN. However, an intermediary plateau was reached,
which was absent in the control with *NO alone, at a level four- to fivefold higher than with
SPENO or Sin-1 alone (Fig. 5A). The generation of a nitrosating species peaked similar to
DAN at a ratio of approximately 3 *NO to 1 *O,~. Considerable amounts of 4-nitrosophenol
seemed to be formed via "NO autoxidation indicating an *O,~ independent nitrosation
process under aerobic conditions. It should be taken into account that "NO accumulates
under these conditions and then reaches sufficient concentrations for its autoxidation with
dioxygen. In the system Sin-1/PEG-SOD, 20 uM Sin-1 was used and about 33 U/ml SOD
was needed to obtain the maximum in phenol nitrosation (Fig. 5B). It should be noted that a
higher PEG-SOD/Sin-1 ratio was required to reach the phenol nitrosation maximum
compared to DAN and ICDH nitros(yl)ation. This could be related to the formation of
phenoxy radicals as intermediates giving rise to the contribution of a radical-based
mechanism in the case of phenol. Interestingly, the formation of 4-nitrophenol was
detectable only in controls (Sin-1 alone; not shown) and up to 1 U/ml SOD (Fig. 5C, inset),
suggesting that peroxynitrite was indeed consumed to yield a nitrosating species at
concentrations of SOD in the range of 10-30 U/ml.

Clearly defined results were obtained with ICDH as a reactant (Fig. 6A). The dot-blot for the
Snitros(yl)ated enzyme showed a distinct optimum at 35 uM SPENO at a Sin-1
concentration of 30 pM, which is in good agreement with the data on DAN. The calculated
ratio for *NO:"O,~ reached a value of about 3:1.

A very similar bell-shaped curve was obtained for the S-nitros(yl)ation of the ICDH in the
system Sin-1/SOD. The optimum occurred at about 3.3 mU/ml PEG-SOD, with the
remarkable observation of absence of any S-nitros(yl)ation at very low as well as at high
levels of SOD (Fig 6B). High concentrations of DTT and micromolar amounts of HgCl»
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could efficiently decrease the SNO-positive signal, suggesting good specificity of the
antibody (Fig. 6C). Additional support came from direct measurement of SNO groups in
ICDH by trace metal triggered decomposition and DAN fluorescence, which was maximal
upon treatment of the enzyme with 3.3 U/ml PEG-SOD and 50 uM Sin-1 (Fig. 6D).
Obviously neither peroxynitrite nor *NO alone was very effective in this process. We also
verified that Cu,Zn-SOD was not inactivated over the course of Sin-1 or SPENO incubations
(Supplementary Fig. 2S). Importantly, the SOD-derived maximum in nitrosation and also
the concentration-dependent increase in “NO formation were mimicked by the SOD-mimetic
Cu(l),(3,5-diisopropylsalicylate), at catalytic concentrations (Supplementary Fig. 3S).
Because glutathione is the most abundant cellular thiol compound and to provide further
evidence for a biological role of the herein described nitros(yl)ation mechanism, we
investigated GSNO formation as a function of the "NO/°O,™ ratio. The Sin-1/PEG-SOD
system showed a clear maximum at 33 U/ml PEG-SOD (Fig. 6E, Supplementary Fig. 6S).

Discussion

Chemical model systems can be useful for studying biologically relevant mechanisms
without interference by other cellular components. A suitable example in this respect turned
out to be the S-nitros(yl)ation of purified enzymes, whereas the chemical reactants DAN and
phenol seemed to be nitrosated by more than one mechanism and hence were of only limited
value as model substrates. We here suggest that at physiologically low levels of *NO, in the
nanomolar range, the reaction of two molecules of *NO with dioxygen, resulting in “NO> as
an intermediate for nitros(yl)ation mechanisms via thiyl radicals or N,O3, becomes too slow
because of the third-order kinetics involved. At nanomolar fluxes of *NO, derived from the
thermal decomposition of SPENO, indeed, no significant S-nitros(yl)ation of ICDH could be
detected. In contrast, simultaneous generation of *O,™ caused a dramatic rise in protein-
bound S-nitroso groups, with a maximum at around 3 *NO:1 *O,~ as generated in the Sin-1/
SPENO system (Fig. 3). A similar maximum of S-nitros(yl)ation was obtained in the Sin-1/
PEG-SOD system with SOD activities that left an excess of “NO over peroxynitrite (Fig. 5).
Sin-1 alone, generating low 1:1 fluxes of *NO and O™, leading to intermediate
peroxynitrite formation, was not effective. Together, these results indicate that in our model
systems S-nitros(yl)ation proceeds optimally at “NO : *O,~ fluxes at a ratio of 3:1, whereas
peroxynitrite and aerobic *NO solutions are much less effective at the low fluxes employed.

Qualitatively, the occurrence of a nitrosating species at a 3:1 flux ratio could be confirmed
by the use of phenol and DAN as reactants for C- and N-nitrosations, respectively. However,
at variance with S-nitros(yl)ation of ICDH, the presence of *NO fluxes alone in aerobic
solution already caused a basal nitros(yl)ation in absence of *O,™, suggesting that radical
species such as "NO» or the peroxynitrite radical, “"OONO, could be involved. With *O,~
present, however, the yields of nitros(yl)ation were greatly increased and this additional
activity could be explained by a reaction of peroxynitrite/peroxynitrous acid with “NO.
Because the peroxynitrite anion clearly does not react with "NO [33], the active species must
be the acid form, which shows higher reactivity and tends to undergo homolytic cleavage at
the O-O bond.
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Results in the literature [48] are in support of this reaction and, from data by Crow and
Beckman [28] as well as Schrammel et al. [21], even a high reaction rate can be deduced.
Based on these observations one can conclude the following steps leading to N,O3 as a
nitrosating species:

NO + 05 ——»  ONOO (Eq. 5)

ONOO + H —— & HOONO (Eq. 6)
HOONO + "NO ——— [HO --NO'] + "NO; (Eq. 7)
[HO--NO]7 ——» NOs +H (Eq. 8)

NO: + 'NO ——5 NaOs (Eq. 9)

Sum ITNO + "0 ——» N2O3 + NOy (Eg. 10)

Thus, the generation of N,O3 from *NO and *O,~ would consume 3 mol of “NO and 1 mol
of "O,~ (Eg. 10), in agreement with the stoichiometry obtained with the three reactants in the
three model systems introduced in this work. However, it seems too early to postulate NoO3
as the only nitrosating species, because the oxidation of *“NO by peroxynitrous acid could
generate an NO*-like species as indicated in brackets (Eq. 7), which, despite its rapid
reaction with OH™ (Eq. 8), could exist in a stabilized state over sufficient time to attack the
nucleophilic centers at nitrogens, carbons, or sulfurs.

One could differentiate between both pathways by the use of azide (N3~) as a known
inhibitor of N,Og3 [49]. Indeed, phenol nitrosation in the Sin-1/SOD system was blocked
with an ICgq of 100 uM azide but DAN nitrosation required about 10 mM azide
(Supplementary Fig. 4S). This may not be taken as in favor or against N,Og or the
nitrosonium type mechanism, but may only be indicative of two mechanisms participating to
variable extents with the two reactants. Supportive for this suggestion is that CO5 in a
bicarbonate buffer affects phenol nitrosation by a 50% increase, whereas for DAN, it is up to
400% higher at 100 mM (Supplementary Fig. 4S). Because CO, is known to stabilize
peroxynitrite as an adduct [50], such results favor the involvement of peroxynitrite, but
obviously to different extents with the two reactants. The possibility that *"NO could react
only with the CO5 adduct of peroxynitrite, giving rise to the nitrosating species (a mixed
anhydride of carbonic acid and nitrous acid), was also considered, but elimination of CO,
from the assays still resulted in the basal nitrosation rates. This is further supported by the
varying effect of uric acid, a well-known scavenger of peroxynitrite and peroxynitrite-
derived free radicals such as "NO». Surprisingly, S-nitros(yl)ation of ICDH was minimal
with *NO alone, although electron abstraction from a thiolate seems likely. Among two
recent investigations on thiyl radical formation, one is not in support of a biological pathway
via S-radicals [51], whereas the other provides data in favor of thiyl radical formation during
S-nitros(yl)ation reactions [25]. The two herein newly described model systems provide
optimal conditions for the elucidation of the biologically generated S-nitros(yl)ating species
by avoiding thiyl radical intermediates. Under very special conditions, a radical-based S
nitros(yl)ation involving thiyl radicals may take place and was recently reported to require
electron transfer from a neighboring tyrosyl radical [52], which may have some impact for
proteins with tyrosines and cysteines in close proximity [53]. It should be noted that the
results with ICDH could be reproduced with glutathione, providing the basis for biological
transnitrosation reactions.
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There are further aspects in improving the above nitros(yl)ation models to approach
physiological conditions. To suppress the radical pathways triggered by *NO autoxidation,
the concentration of dioxygen should be lowered because the autoxidation of "NO occurs
proportional to the O partial pressure, whereas the reaction of the Sin-1 radical with
dioxygen has a high reaction rate and should be saturated already at low oxygen
concentrations. Special emphasis should also be put on the concentrations of “NO. Lowering
its concentration will have a large suppressing effect on the radical oxidation pathway
because it proceeds in a second-order reaction with respect to “NO. As can be deduced from
the data in Fig. 3A, 1 UM Sin-1 shows the most pronounced maximum in DAN nitrosation,
whereas at higher concentrations the autoxidation mechanism becomes more significant.
Thus, it seems essential to set up the herein proposed model systems with low *NO fluxes
under low dioxygen partial pressure in accordance with the physiological situation. Under
cellular conditions the O, effect would be smaller and DAN and phenol nitrosation would be
diminished. It can be calculated that 1-10 pM Sin-1 forms steady-state levels of *NO in the
low nanomolar range, which closely mimics the situation in the cell.

Biological relevance of different nitros(yl)ation pathways

As outlined above, the flux rates for "NO and *O,~ generation under cellular conditions are
low and hence favor a mechanism via peroxynitrite and its reaction with *NO versus the
autoxidation of *NO. We are not excluding the autoxidation pathway nor the metal catalyzed
oxidation of "NO or a tyrosyl radical-mediated formation of thiyls and their addition of "NO.
However, in view of the extraordinary nucleophilicity of the thiolate group, a polar
mechanism with the described characteristics seems more likely. Although the high pK
value of GSH is not in favor of a high reaction rate, its concentration between 5 and 10 mM
renders it a good NO* acceptor, in agreement with the occurrence of GSNO in various cells
under oxidative stress [13]. Thus low pK thiolate groups of enzymes can either directly
combine with the NO*-like species or become nitros-(yl)ated by transnitrosation from
GSNO. Selectivity for thiol groups seems to be associated with the nucleophilic properties
of the sulfur, which does not exclude reactions with the less nucleophilic nitrogen atoms,
explaining the occurrence of N-nitroso compounds in vivo [16-19]. One of the surprising
results with ICDH and the new nitrosation model was the lack of nitrosation by *NO and
peroxynitrite alone. With increasing *O,™ release in the presence of *NO, a maximum was
reached, and by comparison with the Sin-1/SPENO system this occurred at *NO/*O5~ fluxes
of about 3:1. A scenario to which this situation applies can be found for lipopolysaccharide
(LPS; endotoxin)-stimulated macrophages, which produce *NO from inducible NOS-2

and "0~ from activated NADPH oxidase, which has been previously demonstrated by
Espey et al. in LPS/IFN-y-stimulated murine ANA-1 macrophages [16]. The cellular
relevance of these findings was further supported by S-nitros(yl)ation found in human
MCF-7 breast carcinoma cells upon incubation with SPENO and XO. Moreover, the S
nitros(yl)ation and inhibition of glyceraldehyde-3-phosphate dehydrogenase under such
conditions has been reported [54,55]. Similarly, a NOS-1-dependent SNO formation
together with protein tyrosine nitration increase was found in PC12 cells after exposure to
nerve growth factor (indicating “NO and peroxynitrite generation), but here the source

of *O,~ was not yet identified [13,56]. Because *NO can block cytochrome ¢ oxidase, an
increased electron leak in the respiratory chain could provide “O,~ for this abundance of
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SNO immunoreactivity. A last hypothetical scenario could be a pharmacological one:
chronic treatment with nitroglycerin results in the development of nitrate tolerance, which is
associated with protein tyrosine nitration [57], but acute nitroglycerin administration also
lead to a dramatic increase in nitros(yl)ation of blood and tissue constituents [58]. Therefore,
it may be expected that treatment of cells or tissue with nitroglycerin would be a good model
for peroxynitrite driven nitros(yl)ation reactions. In contrast to our present findings a recent
report by Lancaster and co-workers demonstrated the importance of dinitrosyl complexes for
Snitros(ylation in RAW 264.7 cells [59]. Although these authors did not report on bell-
shaped S-nitros(yl)ation patterns, they showed a shoulder in the RSNO formation—-DMNQ
induced ROS generation relationship (their Fig. 4) indicating the participation of at least two
distinct processes.

Conclusions

In summary, our results indicate that biological S-nitros(yl)ation may involve the formation
of peroxynitrous acid, and its reaction with an excess of *NO could give rise to N,O3 and/or
a nitrosonium-like species. Owing to the low radical fluxes involved in an experimental
system representing the cellular situation, neither phenol nor DAN turned out to be a
suitable reactant for model investigations because they were also nitrosated by high *NO
fluxes alone, whereas enzymes with essential thiolate groups fulfill the requirements.
Modulation of Sin-1-derived "NO and "O,™ fluxes by *NO and Cu,Zn-SOD seem to provide
the closest conditions to study the mechanism of biological S-nitros(yl)ation processes.
However, it should be noted that the systems used in this study are chemical models and
require further proof for cellular relevance. Although the here-proposed nitros(yl)ation
mechanism is chemically feasible and yielded maximal nitroso products in vitro, several
mechanisms may contribute to the sum of nitros(yl)ations observed in vivo.
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DAN diaminonaphthalene

DHR dihydrorhodamine 123

GSH glutathione

GSNO S-nitrosoglutathione

HX hypoxanthine

ICDH isocitrate dehydrogenase

PEG-SOD polyethylene glycolated Cu,Zn-SOD
Sin-1 3-morpholino sydnonimine

SPENO spermine NONOate

XO xanthine oxidase
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‘NO + ‘0, ——» ONOO"
ONOO + H —, HOONO
HOONO + '‘NO ——— [HO--NO'] + *NO,
[HO--NO'] ——» NO, + H'
NO, + 'NO ——» NyO3

Sum 3°NO + 07 ——» N;O3 + NOy”

Eq. 5.
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N-nitrosation of diaminonaphthalene

“:NHz — “:N\\
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H

triazol-product (fluorescent)

C-nitrosation of phenol

O=0Q -

unstable 2-nitrosophenol

stable 4-nitrosophen0|

S-nitros(yl)ation of ICDH and GSH

!INOXII
ICDH—SNO

ICDH—SH

IINOXII
G—SH —= G—SNO

Fig. 1. Model systemsfor biological nitros(yl)ation reactions

1duosnuel Joyiny vd-HIN

For N-nitrosation the conversion of diaminonaphthalene to its highly fluorescent triazol product was used as a model. For C-
nitrosation the formation of the stable 4-nitrosophenol product was monitored. For S-nitros(yl)ation the NADP*-dependent
isocitrate dehydrogenase (ICDH) was used as a reactant. The identity of the “NOx” species is the subject of the Discussion.
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Fig. 2. N-nitrosation in the XO/HX/SPENO system
(A) DAN (100 uM) derived fluorescence was monitored at constant SPENO (30 pM) and increasing XO concentrations in 0.1

M potassium phosphate buffer, pH 7.4, containing 1 mM HX at 37°C. Data were collected after 5 min incubation. (B) DAN (20
uM) fluorescence was monitored at constant SPENO (10 pM) and increasing XO concentrations in 0.1 M potassium phosphate
buffer, pH 7.4, containing 1 mM hypoxanthine at 37°C. Data were collected after 25 min incubation and are expressed as the
means=SEM of two or three independent experiments.
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Fig. 3. N-nitrosation in the Sin-1/SPENO system
(A) DAN (2.5 pM) derived fluorescence was monitored at constant Sin-1 (1 pM) and increasing SPENO concentrations. (B)

DAN (10 uM) fluorescence was monitored at constant Sin-1 (10 uM) and increasing SPENO concentrations. The effect of
SPENO alone was tested in the absence of Sin-1 under similar conditions. (C) DAN (100 uM) fluorescence was monitored at
constant Sin-1 (100 uM) and increasing SPENO concentrations. All experiments were performed in 0.1 M potassium phosphate
buffer, pH 7.4, at 37°C and data were collected after 90 min incubation and expressed as the means+SEM of two or three

independent experiments.
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Fig. 4. N-nitrosation in the Sin-1/PEG-SOD system
Effects of increasing PEG-SOD concentrations on Sin-1 (100 uM) mediated (A) *NO formation, (B) peroxynitrite release and

(C) N-nitrosation were measured as described by an *NO electrode, DHR (100 pM) oxidation and DAN (100 uM) fluorescence,
respectively. (D) All three measured parameters, DHR oxidation, NO formation, and DAN nitrosation were obtained under
identical conditions and put into direct correlation. All experiments were performed in 0.1 M potassium phosphate buffer, pH
7.4, at 37°C; values were collected after 90 min incubation; and data are the meanstSEM of two or three independent
experiments.
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Fig. 5. Determination of C-nitrosation in the Sin-1/SPENO and Sin-1/PEG-SOD system
(A) Phenol (5 mM) nitrosation was monitored at constant Sin-1 (10 puM) and increasing SPENO concentrations. The effect of

SPENO alone was tested in the absence of Sin-1 under similar conditions. (B) Phenol (5 mM) nitrosation was monitored at
constant Sin-1 (20 uM) and increasing PEG-SOD concentrations. The stable product 4-nitrosophenol was measured by an
HPLC-based assay. All experiments were performed in 0.1 M potassium phosphate buffer, pH 7.4, at 37°C; values were
collected after 90 min incubation; and data are the means+=SEM of two or three independent experiments. (C) Representative
chromatograms for reaction mixtures of 5 mM phenol, 20 uM Sin-1 and 0.1 (gray line), 33 (black line) or 2500 (dashed line)
U/ml PEG-SOD. The inset at 5 min shows a 10-fold magnification of the traces and the formation of 4-nitrophenol.
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Fig. 6. Determination of S-nitros(yl)ation in the Sin-1/SPENO and Sin-1/PEG-SOD system
(A) ICDH (5 uM) nitros(yl)ation was monitored at constant Sin-1 (30 pM) and increasing SPENO concentrations. (B) ICDH (5

UM) nitros(yl)ation was monitored at constant Sin-1 (30 uM) and increasing PEG-SOD concentrations. (C) The specificity of
the used S-nitrosocysteine-antibody was tested by incubation of a nitrosated sample with either 10 mM DTT or 100 uM HgCl,.
The amount of S-nitrosocysteine residues was detected by dot-blot technique and three representative dots are shown for each
experimental condition. (D) Measurement of ICDH (2.5 uM) nitros(yl)ation by CuSO4/HgCl»-triggered decomposition of S
nitrosocysteine and subsequent DAN fluorescence. (E) Determination of S-nitrosoglutathione formation in the Sin-1/PEG-SOD
system. GSH (1 mM) nitros(yl)ation was monitored at constant Sin-1 (20 uM) and increasing PEG-SOD concentrations by
HPLC-based analysis. All experiments were performed in 0.1 M potassium phosphate buffer, pH 7.4, at 37°C; values were
collected after 90 min incubation; and data are the means+SEM of four (A and B), three (C and D), or three or four (E)
independent experiments.
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