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ABSTRACT. Reduced glutathione is nitrosated in aerobic solutions of nitric oxide under physiological con-
ditions; however, the extent of S-nitrosation was found to be dependent on the inorganic anions present. Of nine
anions tested, the bifunctional anions, arsenate, phosphate, and pyrophosphate (40 mM), inhibited the S-
nitrosation reaction from 20 to 40%, whereas SOﬁ_, H;BO;, SCN7, NOj3, CI7, and acetate inhibited this
reaction =<15%. A mechanism of inhibition is presented that involves the catalytic hydrolysis of N,O; by the
bifunctional anions; however, using [*®Olphosphate as inhibitor, only 10% of the theoretically produced N,O,
was found to be hydrolyzed to nitrite via this mechanism as calculated from the loss of 80 from phosphate. We
conclude that this mechanism accounts for only a minor part of the increased inhibition of S-nitrosation by these
bifunctional anions. BIOCHEM PHARMACOL 53:4:581-585, 1997. © 1996 Elsevier Science Inc.
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NO§ readily nitrosates thiols and secondary amines under N-nitrosation reaction by phosphate anion at physiologic
physiological conditions. The nitrosating species involved pH rather than to different nitrosating species. A mecha-
in these reactions is not NO, but rather an oxidized form of nism for this inhibition was proposed [4] involving phos-
NO 1, 2]. Although N,O; has generally been considered to phate-catalyzed hydrolysis of N,O;, i.e. nitrosation of phos-
be the nitrosating species present in aerobic solutions of phate followed by rapid hydrolysis of the nitrosated phos-
NO, recent kinetic studies on the N-nitrosation of sodium phate intermediate to NO; and phosphate anion. In the
azide suggest that N,O; is not the primary nitrosating spe- remainder of this report, we are assuming that the nitrosat-
cies produced in oxygenated NO solutions [3]. An alterna- ing agent formed in aerobic NO solutions is, in fact, one of
tive oxide of nitrogen to serve as this nitrosation interme- the isomeric forms of N,O;.
diate, however, was not identified. Based on a detailed The discovery that phosphate anion inhibits N-
analysis of the kinetics of N-nitrosation of morpholine, oth- nitrosation reactions at physiological pH [4] suggests that
ers have subsequently concluded that N,O; is indeed the phosphate as well as other anions should also inhibit S-
intermediate nitrosating species in aerobic solutions of NO nitrosation reactions under similar conditions. Moreover,
[4]. there are numerous examples in the literature where inor-
The intermediacy of N,O5 in nitrosation reactions by ganic anions have been shown to catalyze hydrolytic and
aqueous aerobic NO solutions was questioned because the other reactions [5-8]. We now report that phosphate and
observed rate of azide nitrosation relative to the rate of certain other bifunctional inorganic anions decrease S-
N,O; hydrolysis at physiological pH was reduced signifi- nitrosation of GSH under physiological conditions in vitro,
cantly compared with the ratio of these reaction rates de- presumably by catalyzing the hydrolysis of N,O;. The
termined under acidic conditions [3]. An alternative expla- mechanism for the catalytic hydrolysis of N,O5 was inves-
nation for these results has been offered [4], which attrib- tigated using [**OJphosphate.

utes this difference in rate constants to an inhibition of the
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was from ICN (Costa Mesa, CA), and stock solutions of
GSH were prepared in cold 0.01 N HCL '30-Enriched
potassium phosphate was purchased from Miles Laborato-
ries, while potassium sulfate and boric acid were from Fisher
Scientific (Springfield, NJ); potassium nitrate was from
Mallinckrodt (St. Louis, MO). Diazomethane was gener-
ated using a kit from the Aldrich Chemical Co. (Milwau-
kee, WI).

S-Nitrosation Reactions

These reactions were carried out using mixtures composed
of potassium phosphate buffer, pH 7.4, 100 uM GSH, and
0.5 mM DEA/NO in a total volume of 1.0 mL. The final
anion concentrations are given in the figure legends. Fol-
lowing the addition of GSH and DEA/NQO, the mixtures
were incubated for 20 min in a water bath maintained at
37°. The amount of S-nitrosoglutathione formed was deter-
mined spectrophotometrically at 336 nm (e = 902 M™!
cm™) [9]. A reaction blank, minus GSH, was subtracted
from all samples.

[*®0]Phosphate Experiment

Reaction mixtures containing 50 mM potassium phosphate
(87.2 atom percent '®0; pH 7.4) and either O (control) or
500 nmol DEA/NO (added in two 5-pL aliquots 30 min
apart) in a final volume of 0.11 mL were incubated in an air
atmosphere in a closed glass reaction vessel for a total of 60
min at 37°. The [*®Ol]phosphate solution was prepared in
100 mM MOPS to increase buffering capacity. Since
MOPS is a quaternary amine, it does not interfere with
nitrosation.

Following the reaction, the phosphate was converted to
the free acid by ion exchange chromatography (AG-50
W-X2 cation exchange resin, H* form), and the eluate was
taken to dryness under vacuum. The phosphoric acid was
derivatized to trimethyl phosphate using an ether/
diazomethane distillate produced from Diazald® (Aldrich).
A JEOL model AX-505 mass spectrometer was used for
electron impact ionization GC-MS analysis of trimethyl
phosphate using selective ion monitoring, i.e. m/z 140, 142,

144, 146, and 148 [10].

Statistical Analysis

Results are expressed as means + SEM of triplicate samples.
Statistical analyses of variance were determined using the
Dunnett’s test; P values of < 0.05 were accepted as signifi-
cant.

RESULTS

Inorganic phosphate inhibited the S-nitrosation of GSH by
N,O; produced from the NO donor, DEA/NO,* in aqueous

* DEA/NO decomposes at pH 7.4 and 37° according to a first order pro-
cess with a half-life of 2.1 min [11]. Two moles of NO are produced per
mole of DEA/NO.
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solution at pH 7.4 (Fig. 1). The degree of inhibition was
dependent on the phosphate concentration. Identical re-
sults were obtained with Chelex-treated and untreated
phosphate buffers. Raising the GSH concentration to 1.0
and 2.0 mM in the presence of 10 mM phosphate increased
GSNO production to a level of 25% of the total NO gen-
erated from DEA/NO (Fig. 2). Since half of the generated
NO forms nitrite as a result of the nitrosating reaction by
N,O;3, only 50% of the generated NO can be theoretically
converted to GSNO.

Since both phosphate and chloride ions have been
shown to inhibit N-nitrosation [4], these two anions along
with seven other anions were compared for their ability to
inhibit S-nitrosation of GSH by N,O; produced as de-
scribed above (Fig. 3). Phosphate and other bifunctional
inorganic anions, namely, pyrophosphate and arsenate,
were found to be the most inhibitory of the nine anions
tested and inhibited the formation of GSNO by 20-40%.
None of the remaining six anions reduced GSNO produc-
tion more than 15%.

Because the bifunctional anions, namely phosphate, py-
rophosphate, and arsenate, showed greater inhibition of the
S-nitrosation reaction than the monofunctional anions, we
postulated that their nitrosated anion intermediates may
hydrolyze via an intramolecular mechanism. For example,
nitrosated phosphate would decompose to nitrite and a
meta-phosphate intermediate (Eq. 1) followed by rapid hy-
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FIG. 1. Phosphate inhibition of S-nitrosation of GSH by
N,O; produced from DEA/NO under physiological condi-
tions. The reaction mixtures (1.0 mL) composed of potas-
sium phosphate buffer (pH 7.4), 100 ptM GSH, and 0.5 mM
DEA/NO were incubated for 20 min at 37°. The S-
nitrosoglutathione produced was quantified by spectropho-
tometric analysis [9]. Other experimental details were as
given under Materials and Methods. Results are means =
SEM of triplicate samples.
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FIG. 2. Effect of GSH concentration on the formation of
GSNO by N, O, produced from DEA/NO under physiologi-
cal conditions. The experimental details were as in Fig. 1
except that the phosphate buffer concentration was 10 mM.

dration of the latter back to ortho-phosphate. This mecha-
nism was
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tested by measuring the loss of 80 from phosphate [12].
The incubation mixtures contained 5.0 wmol phosphate
{or 20 pmol exchangeable oxygen) and potentially 500
nmol N,O;. After incubation, the mean '®O-contents of
control and DEA/NO-treated phosphate were 87.46 (N =
2) and 87.22 atom percent (N = 2), respectively.* The
difference of 0.24 atom percent corresponds to an oxygen
exchange of 54 nmol. This suggests that at most only 10%
of the N,O; formed was hydrolyzed to nitrite by a phos-
phate-catalyzed reaction involving P-O bond cleavage.

+ ONO™ + H* (1)

DISCUSSION

The reactions involved in the formation of N,O; from
DEA/NO-derived NO and subsequent hydrolysis of N,Os
and nitrosation of GSH by N,O; are depicted in Egs. 2-5
(4].

INO + O, — 2NO, (2)
NO + NO, — N,0; (3)

* The individual values were 87.42 and 87.49 for controls and 87.26 and
87.18 atom percent [**Ojphosphate for DEA/NO-containing samples.
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FIG. 3. Evaluation of nine anions for their ability to inhibit
S-nitrosation of GSH by N,O;. The abbreviations, As;, P;
and PP,, denote inorganic arsenate, phosphate, and pyro-
phosphate, respectively. All incubations contained 10 mM
phosphate and GSH as indicated plus a 40 mM concentra-
tion of the anion tested with a final pH of 7.4. The control
samples contained 10 mM phosphate with no other added
anion, whereas the phosphate test samples contained 50
mM phosphate. The control values for 0.1 and 1.0 mM GSH
were 75.9 = 2.2 and 244 x 12.0 nmol GSNO produced,
respectively. Other experimental details are given under
Materials and Methods. Results are means + SEM of tripli-
cate samples. P values of < 0.05 (*) and < 0.01 (**) vs control
values are indicated.

N,O, + H,0 — 2NO; + 2H" (4)
N,O, + GSH — GSNO + NO; + H* (5)

Since half of the NO generated is converted to nitrite (Eq.
5), the theoretical maximum GSNO yield is equal to 50%
of the NO produced. However, in the presence of excess
GSH, we observed that 25% of the NO generated was
converted to GSNO (Fig. 2). Under the conditions used in
these experiments, NO can also oxidize GSH to the
sulfenic acid, GSOH, which in turn readily reacts with a
second GSH molecule to yield the disuifide, GSSG (Eqgs. 6
and 7) [9]. Thus,

2ZNO + GSH — GSOH + N,0 (6)
GSOH + GSH — GSSG + H,0 (7

in the presence of a thiol, some of the NO is diverted to
N,O. The relative amount of NO converted to N,O or
thiol to sulfenic acid is, in part, dependent on the pK, of
the thiol present [9]. Thus, some of the unaccounted for
NO was likely diverted to N,O, and some may have been
lost due to diffusion into the headspace of the reaction
vessel [13]. It might also be expected that a finite amount
of diethylamine liberated from DEA/NO was also nitro-
sated. Hydroxylamine, however, is not an expected end-
product because GSH (= 20 mM) does not reduce either
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NO or GSNO to hydroxylamine under physiologic condi-
tions (unpublished results).

Inorganic anions can react with N,O5 to form nitrosated
intermediates as given in Equation 8 for the chloride anion
[4]. Like N,0O5, CINO can be hydrolyzed yielding nitrite

and

Cl™ + N,O5 — CINO + NO3; (8
CINO + H,O - NO; + Cl™ + 2H” 9
CINO +GSH - GSNO +ClI” + H" (10)

chloride (Eq. 9) or can nitrosate GSH to product GSNO
and the chloride anion (Eq. 10). Consequently, chloride
will exhibit an inhibition of S-nitrosation if the rate of
CINO hydrolysis (Eq. 9) relative to the rate of nitrosation
by CINO (Eq. 10) is greater than the rate of N,O5 hydro-
lysis versus the rate of nitrosation by N,O5. This type of
mechanism may account for the low level of inhibition of
S-nitrosation by several of the monofunctional anions (Fig. 3).

The bifunctional anions, namely phosphate, pyrophos-
phate, and arsenate, showed greater inhibition of the S-
nitrosation reaction than the monofunctional anions (Fig.
3). Since the monovalent and divalent forms of these an-
ions are bifunctional, both forms would be expected to
participate in this inhibition. We postulated that this in-
hibition could be due to an intramolecular decomposition
of the nitrosated bifunctional anion intermediates to nitrite
and an anhydrous form of their anions (e.g. meta-
phosphate) followed by rapid hydration of the latter back to
its original anionic species (e.g. ortho-phosphate). This type
of catalytic participation by these bifunctional anions could
greatly enhance the overall rate of N,O5 hydrolysis com-
pared with a bimolecular reaction for the monofunctional
anions, as shown in Eq. 9. However, using highly enriched
1'80]phosphate and measuring the loss of %0 from phos-
phate, we determined that at most only 10% of the theo-
retically produced N,O; was hydrolyzed to nitrite via this
mechanism. Based on these results, we conclude that this
mechanism could only account for a minor part of the
increased inhibition of S-nitrosation by these bifunctional
anions.

The inhibition of N-nitrosation of azide by phosphate as
reported in a previous study [4] may not totally account for
the disparity between the relative rates of hydrolysis and of
nitrosation at acid and neutral pH. The finding of equiva-
lent rate constants calculated for the N-nitrosation of mot-
pholine, a strong base, from reactions carried out in low
phosphate buffer concentrations at neutral pH and at acidic
pH was considered strong evidence for a single nitrosating
species under these conditions [4]. However, the kinetics of
N-nitrosation carried out under acidic and neutral pH with
other amines, viz. weaker bases than morpholine, did not
show this agreement [14]. This difference in reactivity to-
ward amines by gaseous N,Oj; dissolved in water at neutral
pH and by N,O; generated in situ from aqueous acidified
nitrite was attributed to structural isomerism of N,O5 [15].
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N,Oj3 can potentially exist in two isomeric forms, i.e. as
a typical anhydride (O=N=0=N=0, structure [} and as a
nitroso-nitrite (O=N-NQO,, structure II). The studies re-
lated to the structural identity of N,O; invariably have
been conducted using N,O; preparations based on the com-
bination of NO and NO, radicals (Eq. 3). The N,O;5 in
these preparations is a planar molecule and contains an
N-N bond consistent with structure II [16-18]. Structure 11
is an unlikely form for a product derived from the bimo-
lecular reaction between nitrosonium ion (NO') and ni-
trous acid [19], and, indeed, based on mechanistic consid-
erations, structure I would be a more probable candidate.

We conclude that phosphate and certain other anions
inhibit S-nitrosation as well as N-nitrosation by gaseous
NO under aerobic conditions, and that the proposed phos-
phate-catalyzed hydrolysis of N,O; does not proceed pri-
marily through a meta-phosphate intermediate. We suggest
that the isomeric structures of N,O; generated from nitrous
acid under acidic conditions and from NO under aerobic
conditions at neutral pH are likely different, and if so, this
difference would contribute to the reported disparity in
rates of nitrosation of azide and of hydrolysis of N,O5 at
neutral and acid pH.
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