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Nitrous Acid. A Kinetic Investigation?
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The formation of the S-nitrosocysteine (CySNO) in aqueous solution starting from cysteine (CySH)
and sodium nitrite is shown to strongly depend on the pH. Experiments conducted within the pH
range 0.5—7.0 show that at pH below 3.5 the NO* (or H,NO,") is the main nitrosating species,
while at higher pH (>3.5) the nitrosating species is most likely the N,O3. A Kinetic study provided
a general kinetic equation, Vcysno = ki[HNOZ][CySH]eq[H] + ko [HNO,]2. The first term of this
equation is predominant at pH lower than 3.5, in agreement with the literature for the direct
nitrosation of thiols with nitrous acid; the value for the third-order rate constant, k; = 7.9 x 102 L2
mol=2 min~!, was calculated. For experiments at pH higher than 3.5, the second term becomes
prevalent and the second-order rate constant k, = (3.3 & 0.1) x 10% L mol~! min~! was calculated.
A competitive oxidation process leading to the direct formation of cystine (CySSCy) has been also
found. Most likely also for this process two different mechanisms are involved, depending on the
pH, and a general kinetic equation, Vcysscy = K3[CySH]eq[HNO,][H'] + ks'[CySH]eq[HNO:], is

proposed.

Introduction

Thiols are by far one of the most abundant classes of
compounds present in vivo, and NO-related species have
been shown to react readily with both sulfidryl-containing
proteins and low-molecular-weight thiols to form S-
nitrosothiols.? Actually, an increasing number of proteins
as well as low-molecular-weight thiols, such as cysteine
and glutathione, have been found to be S-nitrosylated in
vivo, and the resulting S-nitrosothiols are strongly
believed to transport and store nitric oxide, whose role
as neurotransmitter has been recognized since early
1990. All this accounts for the great interest in the
chemistry of S-nitrosothiols shown by biochemists and
chemists in the past decade.

The synthesis of this class of compounds can be readily
achieved in aqueous acidic solutions by sodium nitrite.
The rate law for the nitrosation at very acidic pH,
reported by Williams,® is Vr-sno = K[HNO,][RSH][HT].
Actually, under strong acidic conditions, NO* (or H,O—
NO) is likely the nitrosating agent, whereas at higher
pH N,O3 is probably involved.34

Nitrosation of thiols can be performed in organic
solvents as well by treatment with NO and O,, which
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rapidly react to give N,O3;>~° however, nitric oxide alone
seems to be nonreactive. Simple low-molecular-weight
thiols can also be nitrosated in good yield by using
peroxynitrite in acetonitrile/water under acidic condi-
tions, as we recently reported.*®

Even though biological thiols can be readily nitrosated
in aqueous solution under the above conditions, mecha-
nistic details are generally lacking. In particular, as for
cysteine (CySH) as regarded, the only available kinetic
data seem to be confined to those reported by Stedman?'*
and, most recently, by Williams,*? who suggested the rate
law equation v = K[H*][HNO,][CySH]. Moreover, the
reaction leading to cystine (CySSCy) has not been gener-
ally taken into account, notwithstanding that its forma-
tion always competes with the formation of S-nitroso-
cysteine (CySNO), and it becomes very important by
increasing the pH.

We want to report here kinetic results obtained from
a study of the reaction of CySH with sodium nitrite,
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FIGURE 1. Plots of A vs time (min) for reactions of 0.04 M
CySH with 0.04 M NaNO; in buffered aqueous solution at pH
0.5—6.2.

leading to both CySNO and CySSCy in a ratio strongly
depending on the pH. Our present results can actually
throw further light on the mechanism of formation of
S-nitrosocysteine in vitro and then help elucidate the
formation of this compound in vivo.

Results and Discussion

Reactions between CySH and NaNO, were conducted
at 37 °C in buffered aqueous solutions at pH ranging
between 0.5 and 7.0. The CySNO formation was con-
tinuously monitored measuring the absorbance at 543
nm (e = 16.8 M~! cm™1).2® The influence of pH on the
rate of formation of CySNO for solutions containing
0.04 M CySH and 0.04 M NaNO, was at first exam-
ined. Plots of absorbance versus time are reported (Fig-
ure 1).

In a very strong acidic medium (pH = 0.5), the
formation of CySNO is fast and quantitative. The absor-
bance value (Amax = 0.670) corresponded to the complete
conversion of CySH into CySNO, which was reached in
less than half a minute. However, at this pH CySNO is
quite unstable; the absorbance quickly drops, and the
initially deep red color solution fades completely within
1 h. Capillary electrophoresis analysis of the reaction
mixture showed the presence of CySSCy as the only
decomposition product. On the contrary, when experi-
ments were conducted at pH of greater than 1, CySNO
was stable and no significant decrease of absorbance
(Amax) Was detected after several hours. At pH between
1 and 4.65 the conversion of CySH was still quantitative
within 30 min, but the absorbance values strongly
decreased with increasing pH (see Figure 1). From Amax
values (Table 1, column 4), we calculated the formation
yield of CySNO. On the contrary, at pH 5.3 and 6.2 only
a partial conversion, 50 and 30%, respectively, was
obtained after 120 min, while no conversion at all
occurred at pH 7 after 60 min.

The Nitrosation Reaction. The rate of formation of
CySNO (Veysno) as a function of pH was obtained from
analysis of the initial slope of curves reported in Figure
1. Actually, at the initial stage the concentration of

(13) Komiyama, T.; Fujimori, K. Bioorg. Med. Chem. Lett. 1997, 7,
175-180.
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reagents can be considered as the starting concentration,
and the use of the equation Vcysno O K[reagents], is
allowed: values of the rate were thus determined (Table,
column 6).

As expected, the V¢ysno Values are dependent on the
pH, since the concentration of the possible reagents, i.e.,
HNO, and CySH, is dependent on the H* concentration
(Scheme 1).

The concentrations of HNO, and CySH at equilibrium
were also calculated (Table, columns 2 and 3), using K,
=56 x 10* and K, = 1.95 x 1072, respectively.* In
principle, two rate laws, egs 1 and 2, are possible for the
nitrosation reaction.

Veysno = ki [HNO,][CySH] o (1)
Veysno = Ki[HNO,][CySH], (2)

The term [CySH]wta, €q 1, refers to the analytical
concentration of CySH, including both the protonated
(CySH,") and the unprotonated form, while the term
[CySH]e, eq 2, refers to reaction of HNO, with the
unprotonated cysteine. However, none of the two equa-
tions fit the experimental results; thus it was compulsory
to hypothesize a nitrosating species different from HNO,
itself, for example a HNO,/acid-catalyzed species. Toward
this aim egs 3 and 4 were considered.

Veysno = k,[H Noz][CySH]total[H+] (3)
Veysno = Ky [HNOL][CySH], [H] 4)

Actually, eq 3 did not fit the experimental values
obtained for Vcysno, Whereas a good linear correlation
between Vcysno and the [HNO,][CySH]eq[H'] term was
obtained, at least at pH lower than 3.5 (Figure 2).

In agreement with the kinetic equation reported for
the nitrosation of simple thiols at pH < 1,2 these results
proved that, at very acidic pH, a nitrosating species such
as NO* (or H,O—NO") is involved. However, it needs to
be emphasized that the nitrosation cannot take place on
the protonated form, CySH,", which at pH < 1.7 pre-
dominates on the zwitterionic form CySH (Scheme 1).
From the slope of the curve of Figure 2, the value of the
third-order rate constant ky, eq 4, can be determined as
7.9 x 10?2 L2 mol™2 min™1.

However, none of the above equations, 1—4, seem to
fit the experimental values at pH > 3.5. Most probably,
at these pH’s, neither NO* (or H,O—NO™) nor HNO, can
be the nitrosating agent. To obtain evidence on the actual
species at less acidic conditions, we carried out experi-
ments in a buffered solution at pH 4.65 and we calculated
Veysno for reactions of 0.02 and 0.04 M CySH with 0.02
and 0.04 M NaNO.. Plots of Vcysno versus [HNO,]? are
reported in Figure 3.

Two important aspects were evidenced: (i) the rate
of formation of CySNO is independent of the initial
cysteine concentration; (ii) Veysno is not linearly cor-
related to [NaNO,], but rather to the square term
[NaN02]2.

(14) (a) Fifield, F. W.; Kealey, D. In Chimica Analitica; Zanichelli:
Bologna, 1999. (b) Harris, D. C. In Chimica Analitica Quantitativa;
Zanichelli: Bologna, 1999.
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TABLE 1. Yields (%) of CySNO and CySSCy and Corresponding Rates of Formation, Vcysno and Veysscy (Mol L™t min™2),
for Reactions of 0.04 M CySH with 0.04 M NaNO; in Buffered Aqueous Solution at 37 °C#&

pH [HNO;] x 1072 [CySH]eq x 1072 CySNO, % CySSCy, % Veysno x 1072 Veysscy x 1072
0.5 3.99 0.19 100 0 7.75
15 3.93 1.52 92.1 7.9 7.35 0.63
2.0 3.79 2.64 90.2 9.8 6.68 0.73
25 85.8 14.2
3.3 1.89 3.88 79.3 20.7 5.89 0.98
35 1.44 3.94 75.1 24.9 5.25 1.38
4.0 0.61 3.98 3.0 1.32
4.65 0.15 4.0 35.1 64.9 0.47 0.87
5.3 0.043 4.0 0.12
aValues in columns 2 and 3 are referred to [HNO;] and [CySH], at equilibrium, respectively.
0,080 1
(a) [CySH] = 0.02, [NaNO,] = 0.02 «)
0,008 4
(b) [CySH] = 0.04, [NaNO,] = 0.02 ©
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FIGURE 2. Plot of Vcysno Vs [HNO,][CySH]eq[H™] for reac-
tions of 0.04 M CySH with 0.04 M NaNO:..
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These results seem to imply N,O3 as the nitrosating
species, which should come from HNO, through a bimo-
lecular reaction. The same claim was already suggested
for the nitrosation of simple thiols at pH greater than
2.3 On this basis, the general rate law for the nitrosation
of the cysteine becomes

Veysno = kl[HNOZ][CySH]eq[H+] + kz[HNoz]2 ®)

From the slope of the curve, Figure 3, the value k, =
(3.3 £ 0.1) x 10% L mol™* min~! was calculated. The

[HNO,2

FIGURE 3. Plots of Vgysno Vs [HNO,]? for reactions of 0.02
and 0.04 M CySH with 0.02 and 0.04 M NaNO; at pH = 4.65.

first term of eq 5 is predominant at acidic pH, i.e.,
where the acid catalysis can be efficient, while the second
term becomes predominant by increasing the pH. The
finding that the second term, eq 5, is independent of the
cysteine concentration suggests the formation of N,O3 as
the rate-determining step (Scheme 1). At pH around
neutrality no nitrosation was observed, most likely
because the HNO, concentration, and then N,Os, tends
to zero.

Oxidation of Cysteine. As we have already noted
above, in all experiments carried out at pH 0.5—4.65
complete conversion of CySH was achieved, but the yield
of CySNO strongly decreased with increasing pH (see
Figure 1 and Table 1, column 4). To determine the
formation of other reaction products, the reaction mix-
tures were decomposed to CySSCy at pH < 1 (see
Experimental Section) and then analyzed by capillary
electrophoresis. In all cases CySSCy was found to be
present in almost quantitative yield. So, it can be argued
that both CySNO and CySSCy were produced as the
exclusive reaction products. Since CySNO was found to
be stable at pH = 1, both in the absence and in the
presence of added CySH, CySSCy was not a byproduct
deriving from the decomposition of CySNO or from a
possible reaction between CySNO and CySH, but it was
directly formed from CySH in competition with the
nitrosation reaction. The yield of CySSCy can be easily
achieved from the yield of CySNO through the equation
CySSCy% = (100 — CySNO%) (Table 1, column 5). The
rate of formation of CySSCy (V¢ysscy) as a function of pH
can be obtained from the equation Vcysscy = [Veysno X
(CySSCy%/CySNO%)].
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JOC Article

[NaNO,]

FIGURE 4. Plot of (Vcysno/Veyssey) Vs [NaNO-] for reactions
of 0.02 M CySH with NaNO; at pH = 4.65.

Different experiments were performed to establish the
dependence of V¢ysscy on both HNO, and CySH concen-
tration. Experiments conducted at pH 2.5, at different
NaNO, concentrations (0.02 and 0.04 M), showed that
VeysnofVeyssey (calculated from the yield of CySNO and
CySSCy) is independent of [HNO,]; because at this pH
Veysno = cst [HNO,], we can claim that also Veyssey is
dependent on [HNO,]. Experiments carried out at pH =
4.65 with 0.02 M CySH in the presence of variable
amounts of NaNO, (0.02—0.12 M) showed the rate ratio
Veysno/Veyssey (similarly calculated from the yield of
CySNO and CySSCy) to be linearly dependent on the
HNO, concentration, at least in the presence of an excess
of NaNO,, i.e., conditions in which we can assume the
process to have a pseudo-first-order Kinetic behavior
(Figure 4).

At pH = 4.65 V¢ysno is dependent on [HNO,]?, pointing
out that Veysscy is dependent on [HNO;]. So, it appears
that V¢ysscy is dependent on [HNO,] at both strong and
mild acidic conditions.

Moreover, experiments conducted at pH 2.5 and 4.65
with CySH, 0.02 and 0.04 M, in the presence of 0.04 M
NaNO, showed that Vcysno/Veyssey is independent of the
CySH concentration at pH = 2.5, conditions in which
Veysno = cst [CySH]eq, whereas it is proportional to the
CySH concentration at pH = 4.65, conditions in which
Veysno is independent of [CySH]. As for the effect of [H*]
on Veysscy, the rate values reported (Table, column 7)
indicate a nonlinear dependence. Initially Vcysscy in-
creases with decreasing [H] up to pH = 3.5, and
afterward a decrease is observed.

Apparently, experimental results were fitted by eq 6
with 1 > n = 0. However, the coefficient n is in turn
dependent on the pH.

Veysscy = Cst [CySH],[H NOZ][H+]” (6)

In particular, we found n ~ 0 at the higher pH values
(3.5 and 4.65). That is, at these milder acidic conditions
the oxidation of CySH is largely independent of H*
concentration. In contrast, at higher acidic conditions a
good linear correlation was obtained for n ~ 0.7 (Fig-
ure 5).
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FIGURE 5. Plot of Vcysscy Vs [HNOz]eq[CySH]eq[H+]O-7 for
reactions of 0.04 M CySH with 0.04 M NaNO; in the pH range
1.5-3.3.
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From the mechanistic point of view, eq 6 points out
that the formation of CySSCy can occur through two
different routes: one dependent on and the other inde-
pendent of [H*], but both depending on [CySH] and
[HNO,]. On this basis we suggest the following rate
law:

Veyssey = Ks[CyS H]eq[H NO,] [H+] +
Ks' [CySH][HNO,] (7)

However, eq 7 deserves some comments. The first term
(Veysscy = K3[CySH]e[HNO,][H*]) indicates that the same
species (NO* and/or X—NO™, X = H,0, CI~) responsible
for the nitrosation of CySH to CySNO, eq 4, is also
capable of oxidizing CySH to CySSCy, possibly through
an initial SET mechanism (Scheme 2).

Since the formation of the oxidizing/nitrosating species
(NO™ and/or X—NO™, X = H,0, CI") is largely inhibited
by decreasing [H*], this mechanism occurs only at strong
acidic conditions. The second term (V¢ysscy = K's[CySH]eq-
[HNO;]) suggests that the oxidation of CySH can be
promoted by HNO, itself. This mechanism becomes
largely predominating (or exclusive) at the higher pH. It
is worth noting that nitrous acid can behave as an
oxidizing agent for CySH, while it is incapable of behav-
ing as a nitrosating agent.

The Role of NO and NO.. The role of NO and NO;
as possible oxidizing and/or nitrosating species has also



Reaction of Cysteine with Nitrous Acid

been taken into account. As reported above, NO is a good
nitrosating agent in the presence of air, but almost
unreactive in anaerobic conditions: actually, no evidence
of CySNO formation was evidenced. It has been also
reported that NO slowly reacts with thiols through a
reaction catalyzed by traces of iron ions, invoked to be
present in the reaction medium;*® however, results of our
preliminary tests on the role of iron ions seem not to
confirm this behavior.

A direct involvement of NO, until now had not been
explored. Toward this aim, we ran experiments, directly
preparing NO, by addition of NO to a sealed tube
containing dioxygen. The brown-colored nitrogen dioxide,
instantaneously formed, was added with a 0.04 M CySH
aqueous solution, buffered at pH = 2.5. Two experiments
with 1 and 2 molar equiv of NO, showed that the
conversion of CySH was 45% and 90%, respectively,
showing a stoichiometry of 1:2 CySH/NO.,.

In both cases CySNO and CySSCy were formed in a
78:22 and 80:20 ratio, respectively. These values are
those forecasted for the reaction of 0.04 M CySH with
0.04 M NaNO, at pH 2.5, suggesting that HNO,, and
then NO* (or H,O—NOY), is once again the reactive
species. In fact, HNO, was expected to be derived from
the disproportionation reaction of NO, with water (2 NO,
+ H,0 — HNO; + HNOy).

Conclusions

The reaction of CySH with NaNO, in aqueous solution
leads to CySNO and CySSCy with a rate of formation,
and relative yield, strongly dependent on the pH. The
rate of formation of CySNO (V¢ysno) as well as CySSCy
(Veysscy) decreases by increasing the pH, while the ratio
CySSCy,%/CySNO,% largely increases with the pH.
Different species seem to be involved as nitrosating and
oxidizing species. Under strong acidic conditions the main
reactive species is NO* (or H,O—NO"), deriving from
nitrous acid through an acid-promoted reaction. This
species mainly leads to the nitrosation product, CySNO,
and, to a lesser extent, to the oxidation product, CySSCy.
It is important to underline that the formation of both
CySNO and CySSCy takes place on the unprotonated
CySH instead of the protonated form, CySH,*, which
prevails at pH < 1.7.

By increasing the pH the acid-catalyzed reaction
leading to the nitrosating/oxidizing species NO* (and/or
H,O—NO™) is progressively inhibited, and HNO, and
N,O; are mainly involved as oxidizing and nitrosating
agent, respectively. The kinetic equation obtained from
experiments carried out at pH 4.65 (Vcysno = ko[HNO,]?,
ko = (3.3 & 0.1) x 103 L mol~* min~1) suggests that the
formation of N,O3; from HNO; is the rate-determing step
in the nitrosation of CySH.

The reason HNO; behaves as oxidant, while N,O3; as
nitrosating agent, is not clear. We can hypothesise that
both species are involved in an initial SET process
leading to the formation of a radical ion pair, which in
cage behaves differently depending on the nature of the
radical anion. In the former case proton transfer from
CySH** might lead to the free CyS* radical and then to
CySSCy by dimerization. In the latter case radical ion
coupling, followed by loss of HNO,, would lead to the
nitrosated product, CySNO (Scheme 2).
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However, no evidence of formation of the cysteine radi-
cal, CyS-, could be achieved. At the present time we can-
not exclude that the oxidation of CySH could give some
intermediates (for instance CySOH and/or CySNO,),
which by decomposition can lead to CySSCy.

Experimental Section

The reaction were conducted in a thermostated bath at 37
°C. The formation of CySNO was constantly monitored by
measuring the absorbance at A =543 nm (¢ = 16.8 M~*cm™1),
flowing the reacting solution, by a peristaltic pump, in a UV/
vis spectrophotometer equipped with a flow-cell. The CySNO
percent yield was calculated on the basis of reacted CySH.

The formation of CySSCy cannot be spectrophotometrically
monitored. However, CySNO and CySSCy being the only
reaction products (see below), the CySSCy yield was calculated
as CySSCy % = (100 — CySNO%).

Capillary electrophoresis analysis was performed with an
instrument equipped with a UV-detector at 200 nm. A fused-
silica capillary column (75 um i.d., 67 cm length), a 100 mM
boric acid/25 mM Tris background electrolyte (pH 8.2), and a
30 kV voltage were used. Under these conditions the migration
time of CySSCy was 3.43 + 0.01 min.

The following buffer solutions were used: H,C,04/NaHC,0,
(pH = 1.5), H3PO4/KH,PO4 (pH = 2.0 and 2.5), phthalic acid/
monosodium phthalate (pH = 3.3 and 3.5), NaHC,04/Na,C,04
(pH = 4.0), acetic acid/sodium acetate (pH = 4.65), monoso-
dium phthalate/disodium phthalate (pH = 5.3), KH,PO./
K;HPO, (pH = 7.0).

Reaction of 0.04 MCySH with 0.04 M NaNO; at pH =
0.5. An aqueous solution (24.0 mL) containing CySH (1.0
mmol, 121 mg) and NaNO; (1.0 mmol, 69 mg) was added with
12 M HCI (1.0 mL); a deep red color, due to the formation of
CySNO, immediately developed. From Anax = 0.670, reached
in less than 30 s, the CySNO yield was calculated to be 100%
(100% conversion yield). The absorbance quickly decreased,
and in less than 1 h the solution was completely faded.
Capillary electrophoresis analysis showed the presence of
CySSCy alone.

Reaction of 0.04 MCySH with 0.04 M NaNO; in Buff-
ered Solution. An aqueous solution buffered at the appro-
priate pH (25.0 mL) containing CySH (1.0 mmol, 121 mg)
was added with NaNO, (1.0 mmol, 69 mg), and the forma-
tion of CySNO monitored spectrophotometrically. For reac-
tions carried out at pH 1.5—4.65 the Anax values were reached
within 1—30 min and were found not to decrease over 2 h.
The reaction mixtures were assayed to assess the conversion
of CySH (see below), which in all cases was found to be
quantitative. Reactions carried out at pH = 5.2 and 6.3 were
stopped after 2 h; after this time conversion of CySH was
found to be 50% and 30%, respectively. The reaction car-
ried out at pH = 7.0 showed no conversion at all of CySH after
60 min.

Assessment of CySH Conversion. After the Amax value
was reached, an extra aliquot of NaNO; (0.5 molar equiv)
was added and then 12 M HCI to set the pH at 0.5. Under
these conditions the CySH is quantitatively converted into
CySNO, as reported before. The amount of unreacted CySH
can be calculated from the enhancement of absorbance. After
complete decomposition of CySNO occurred, the reaction
mixture was analyzed by capillary electrophoresis. In all
experiments CySSCy was the only detected product in 100%
yield.

Reactions of CySH 0.04M with NO,. A 35 mL glass tube
was filled with dioxygen, and then 23 mL of gaseous NO was
added at atmospheric pressure: the brown color of NO,
immediately appeared. The reaction tube was placed in a
thermostated bath, and a CySH (1 mmol, 121 mg) aqueous
solution (25 mL), buffered at pH = 2.5, was then added. The
Amax value was reached after 15 min. The reaction mixture
was tested to determine the conversion of CySH (45%). From
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Amax = 0.235 the yield of CySNO (78%) and CySSCy (22%) was
calculated. In a repeated reaction, 46 mL of NO (2 mmol) was
added to the sample tube containing dioxygen and then the
CySH (1 mmol, 121 mg) aqueous solution buffered at pH =
2.5. The conversion of CySH, after 15 min, was 90%. From
Amax = 0.481 the yield of CySNO (80%) and CySSCy (20%) was
calculated.
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