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Nitroso Group Transfer in S-Nitrosocysteine: Evidence of a New
Decomposition Pathway for Nitrosothiols
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The rate of S-nitrosocysteine decomposition in a pH range between 0.7 < pH < 13 exhibits first-
and second-order dependence on total cysteine concentration. The second-order term is only observed
for pH values between 6.9 < pH < 12. Both first- and second-order terms show a complex dependence
on the acidity of the medium. They increase with increasing pH, reaching a maximum value around
pH = 8 and then decrease with further increase in pH. An analysis of the reaction products reveals
the absence of nitrite ion and ammonia. No evidence of catalysis by copper ions is observed. These
results suggest the existence of a new decomposition pathway for S-nitrosocysteine, which proceeds
via an intramolecular nitroso group transfer producing a primary N-nitrosamine that decomposes
rapidly to give the corresponding diazonium salt. The nitroso group transfer reaction occurs
intermolecularly for the decomposition pathway exhibiting a quadratic dependence on cysteine
concentration. Both nitroso group transfer pathways are subject to acid catalysis by cysteine. Kinetic
results indicate that the extent of S---NO bond cleavage in the transition state is ahead of protonation
of the AH---S sulfur atom. The results obtained show the existence of a new decomposition pathway
for the S-nitrosocysteine where NO is not released, and hence, it has a significant biological impact
due to the potential use of nitrosothiols as NO donors.

Introduction

Most chemists are now aware of the series of spectacu-
lar developments that occurred from 1988 onward when
it was discovered that nitric oxide is synthesized in vivo
from L-arginine and that it is involved in a wide range
of physiological functions as diverse as vasodilation,
inhibition of platelet aggregation, neurotransmission, and
penile erection together with having a major role to play
in the operation of the immune system. These major
discoveries have sparked off massive research efforts in
the biology and chemistry of nitric oxide, and new
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developments regarding further involvement of nitric
oxide in vivo are being made continually.! It is important
to point out that a thematic issue of Chemical Reviews
has been devoted to illustrate the diverse aspects of NO
chemistry in a modern context in which the role of NO
as a physiological signal and metabolic intermediate is
paramount, covering important areas of NO chemistry
from physical and computational studies to the biological
role in living systems.? Due to the instability and
inconvenient handling of aqueous solutions of authentic
NO, there is an increasing interest in using compounds
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capable of generating NO in situ, that is, NO donors. The
most widely used NO donor is glyceryl trinitrate (nitro-
glycerine).? In addition to organic nitrates, many other
chemicals can be transformed into NO in vitro or in vivo.
Due to the diversity of NO donor structures, the pathway
for each class of compounds to generate NO could differ
significantly, for example, enzymatic versus nonenzy-
matic, reductive versus oxidative, and so forth. Because
each class of compound offers distinct biochemical prop-
erties, it allows one to choose a compound that best meets
the demands of specific investigations. All nitrogen—
oxygen-bonded compounds have the potential to decom-
pose, be oxidized, or be reduced to produce reactive
nitrogen species. Major classes of current NO donors
along with their individual pathway of NO generation
have been summarized.* In the nonenzymatic pathway
of NO generation from organic nitrates (RO—NOy),
organic nitrites (RO—NO), metal—-NO complexes, nitro-
simines, nitrosothiols, diazetine dioxides, furoxans, ben-
zofuroxans, and oxatriazole-5-imines, thiols represent a
main cofactor for NO releasing. In these nonenzymatic
pathways S-nitrosothiol is generated,? from which there
is a ready pathway to NO formation by a Cu?-catalyzed
reaction. Other nitroso compounds can react with thiolate
ions generating S-nitrosothiols, as in the case of N-
nitrososulfonamides® or N-nitrososulfonilguanidines.”
In this sense, the enormous interest aroused by the
chemistry, biochemistry, and physiology of the sulfur
analogues of alkyl nitrites, S-nitrosothiols (RSNO), in the
past few years is readily explained. The reason for this
interest arises because as a class they have been found
to have much the same physiological properties as NO
itself, particularly of vasodilation® and of the inhibition
of platelet aggregation.’ They have also been identified
in bodily fluids, notably as S-nitrosoglutathione'® and
S-nitrosoalbumins.!! Indeed, the current belief!? is that
NO is transported around the body as RSNO (mostly as

(3) Thatcher, G. R. J.; Weldon, H. Chem. Soc. Rev. 1998, 27, 331—
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(5) Patel, H. M. S.; Williams, D. L. H. J. Chem. Soc., Perkin Trans.
21990, 37—42.

(6) Shirlene, M. N. Y. F. Oh.; Williams, D. L. H. J. Chem. Soc.,
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(8) Bauer, J. A.; Fung, H. L. J. Pharmacol. Exp. Ther. 1991, 256,
249—-254.

(9) Radomski, M. W.; Palmer, R. M. J.; Moncada, S. Br. J. Phar-
macol. 1987, 92, 181—187.
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the nitrosoalbumins), from which NO can be released
under certain conditions. This belief derives mostly from
the fact that the measured half-life of NO itself in vivo
is very short (estimates range from a few seconds to a
few minutes), whereas RSNO species are generally much
more stable in solution.

S-Nitrosothiols are very readily generated in solution
by conventional nitrosation of thiols, and examples have
been known for about 100 years.'® In contrast with the
corresponding nitrosation of alcohols by sodium nitrite
in mildly acidic solution, the equilibrium position corre-
sponding to thiol nitrosation lies well over the right, with
equilibrium constant'* of 105—106 M~'. This difference
between ROH and RSH has been rationalized in terms
of the different nucleophilicities of the O and S atoms in
the alcohols and thiols and the different basicities of the
same atoms in the alkyl nitrites and S-nitrosothiols.
Nitrosation of thiols has been examined mechanistically
and follows the pattern of amine nitrosation, in which
both acid- and halide ion catalysis occur.!® In principle,
any other nitrosating agent (such as an alkyl nitrite) will
also bring about reaction in nonaqueous solution or in
basic media if necessary. However, in contrast to the
alkyl nitrites, relatively few S-nitrosothiols are stable in
the pure form. S-Nitrosothiols decompose thermally and
photochemically to give the disulfide and initial nitric
oxide. For some, the thermal reaction is clearly very slow
at room temperature (solid SNAP has to be heated to
about 150 °C before significant decomposition occurs). In
many other cases (e.g., S-nitrosocysteine), the decomposi-
tion rate in the pure solid state is much higher, not
allowing isolation.

This article discusses the stability of S-nitrosocysteine
over a wide pH range under conditions where S-nitroso-
cysteine coexists with an excess of thiol and thiolate.
S-Nitrosocysteine has been generated by reaction with
N-methyl-N-nitroso-p-toluenesulfonamide (MNTS, Scheme
1) using the nitrosating agent as the reactant in defi-
ciency. Experimental results allow us to propose a new
decomposition pathway for S-nitrosocysteine through an
intramolecular nitroso group transfer. The main char-
acteristic of this new decomposition pathway is the
absence of nitric oxide as a reaction product, a fact that
provides important biological repercussions. The exist-
ence of this new decomposition pathway for S-nitroso-
cysteine would explain why NO could not be detected
from the reaction of nitroglycerine with cysteine using
the very sensitive NO-specific electrode method.'d

Experimental Section

All reagents were products of the highest purity com-
mercially available and used without further purification.

(13) Tasker, H. S.; Jones, H. O. J. Chem. Soc. 1910, 1910—1918.
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90.

(15) Iglesias, E.; Garcia Rio, L.; Leis, J. R.; Pefia, M. E.; Williams,
D. L. H. J. Chem. Soc., Perkin Trans. 2 1992, 1673—1679.
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Kinetic experiments were carried out under different condi-
tions depending on the pH range considered. Cysteine buffer
solutions were used for pH values between 6.89 < pH < 11.30.
To prepare S-nitrosocysteine, the cysteine buffer [buffer] =
(0.025—0.30) M was made to react with MNTS, [MNTS] = 5.00
x 1074 M. Under these conditions, the S-nitrosation reaction
of cysteine occurs within a few seconds!® with the formation
of the S-nitroso compound being observed at A = 330 nm. The
decomposition reaction of the S-nitroso compound was subse-
quently studied in the presence of the cysteine buffer itself.
For pH values between 12 and 13, the acidity of the reaction
medium was controlled by the addition of the corresponding
NaOH concentration. In these cases, the cysteine concentration
was varied between [cysteine] = (0.05—0.30) M.

For pH values between 0.9 < pH < 3.11, the formation
reaction of the S-nitroso compound is very slow, and it
competes significantly with its decomposition in such a way
that variation in absorbance is hardly observed at A = 330 nm.
To solve this problem, S-nitrosocysteine is generated at pH =
12 using approximately equimolar concentrations of cysteine
and MNTS. After a few seconds, suitable quantities of HCl
and cysteine are added to the reaction medium to get the
desired pH and [cysteine]. Kinetic studies were carried out
using HoPO4sNa/HPO4Na, (5.03 < pH < 6.07) and CH;COOH/
CH3COONa (pH = 3.29 and pH = 3.72) buffers. In both cases
S-nitrosocysteine was generated at pH = 12, and appropriate
quantities of buffer and cysteine were subsequently added to
achieve the desired experimental conditions. In these cases,
the cysteine concentration was varied between [cysteine] =
(0.006—0.03) M, keeping the buffer concentration constant,
[buffer] = 0.25 M.

Due to the low solubility of MNTS in water, its solutions
were prepared in an acetonitrile/water mixture, in such a way
that the percentage of acetonitrile in the reaction mixture was
1% (v/v). The pH was measured with a pH meter equipped
with combined glass electrodes. Kinetic studies were always
carried out at 25 °C and constant ionic strength of the reaction
medium (I = 1.00 M, NaClO,). Kinetic experiments were
carried out in a UV—vis—NIR spectrophotometer monitoring
the decreasing absorbance at 4 = 330 nm due to disappearance
of thionitrite. Good first-order behavior was found throughout,
following every run to at least 90% reaction. Fitting the
absorbance—time data to the first-order integrated rate equa-
tion allows us to obtain the pseudo-first-order rate constants,
kobs, used in the subsequent analysis. Values of ks are subject
to a standard error of 3%.

Nitrite ion was determined using a modification of Shinn’s
method.'” The reaction mixture was brought to pH ~ 2 and
mixed with sulfanilamide and naphthylethylenediamine. Ab-
sorbance at 550 nm of the dye formed was measured, and
nitrite ion was quantified. The existence of ammonia as
reaction product was determined by the Nessler'® reagent and
by measuring absorbance at 1 = 425 nm.

Results

When N-methyl-N-nitroso-p-toluenesulfonamide is
added to a cysteine solution, two clearly distinct kinetic
processes can be observed at 4 = 330 nm. The first
process occurs on a time scale of seconds, and it leads to
the formation of S-nitrosocysteine,'® as can be inferred
from the change in absorbance observed at 330 nm. The
second process, subject of the present study, shows the
disappearance of S-nitrosocysteine. This second process
has been studied in a pH range between 0.7 < pH < 13

(16) Adam, C.; Garcia-Rio, L.; Leis, J. R. Org. Biomol. Chem. 2004,
2,1181-1185.

(17) Berry, C. N,; Challis, B. C. J. Chem. Soc., Perkin Trans. 2 1974,
1638—1644.

(18) APHA-BWWA-WPCF. Métodos Normalizados para el Andlisis
de Aguas Potables y Residuales; Diaz de Santos, Ed.; Madrid, 1992.
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using HCI, acetate buffers, phosphate buffers, cysteine
buffers, and NaOH to keep constant the acidity of the
medium. The observed kinetic behavior differs according
to the pH range considered.

The possibility that the reaction might be subject to
copper ion catalysis was also considered. For this pur-
pose, the decomposition rate of S-nitrosocysteine was
compared in the absence and the presence of EDTA,
[EDTA] = 2 x 10~* M. The results obtained show that
the observed rate constant is not affected by the presence
of EDTA, which indicates the absence of copper ion
catalysis. This result suggests that the pathway of copper
ion-catalyzed! decomposition is not effective under our
experimental conditions. Another decomposition path-
way, leading to thiol and nitrous acid, involves loss of
NOT rather than NO and occurs with Hg?" and, to a
lesser extent, with Ag™.2° As will be discussed later, the
absence of nitrite ion as the reaction product also allows
the possibility of decomposition catalyzed by Hg?" or Ag™
to be excluded.

Oxidation of NO by oxygen to give nitrogen dioxide is
a well-known reaction in water, which is unaffected by
pH in the range 1—-13.2! The final product in water is
exclusively nitrite ion, with very little if any nitrate ion.
We have determined nitrite ion or nitrous acid using the
well-known Shinn method, which allows us to detect
nitrite concentrations of about 106 M. Considering the
S-nitrosocysteine concentration generated by reaction
with MNTS and the accuracy of the Shinn method, we
can affirm that we are in a position to detect nitrite
concentrations corresponding to 0.2% of the reaction.
However, no significant amounts of nitrite could be
detected under any of the experimental conditions used
for the kinetic studies. Our kinetic studies have been
conducted under aerobic conditions, in such a way that
the NO that could be generated from the decomposition
of S-nitrosocysteine ought to be quantitatively trans-
formed into nitrite ion, as demonstrated by Williams'%
et al. for the decomposition of N-acetyl-S-nitroso-peni-
cillamine. Thus, the absence of nitrite ion indicates the
absence of NO and nitrous acid as reaction products.

The absence of nitrous acid excludes the possibility of
the decomposition of S-nitrosocysteine occurring by an
acid hydrolysis process.?? This process only takes place
if the nitrous acid is removed (as the reaction lies well
over toward the S-nitrosothiol) and also only at very high
acidity, typically (2—3) M HySO,. Similarly, the absence
of NO as the product of the decomposition reaction of
S-nitrosocysteine excludes the possibility that this pro-
cess corresponds to the thermal decomposition or photo-
decomposition, since NO would be generated in both

(19) (a) Askew, S. C.; Barnett, D. J.; McAninly, J.; Williams, D. L.
H. J. Chem. Soc., Perkin Trans. 2 1995, 741—745. (b) Williams, D. L.
H. Transition Met. Chem. 1996, 21, 189—191. (c) Dicks, A. P.; Beloso,
P. H.; Williams, D. L. H. J. Chem. Soc., Perkin Trans. 2 1997, 1429—
1434. (d) Dicks, A. P.; Swift, H. R.; Williams, D. L. H.; Butler, A. R.;
Al-Sadoni, H.; Cox, B. G. J. Chem. Soc., Perkin Trans. 2 1996, 481—
487. (e) Mcaninly, J.; Williams, D. L. H.; Askew, S. C.; Butler, A. R.;
Russell, C. J. Chem. Soc., Chem. Commun. 1993, 23, 1758—1759. (f)
Noble, D. R.; Williams, D. L. H. Nitric Oxide 2000, 4, 392—398.

(20) Saville, B. A. Analyst 1958, 83, 670—672.

(21) (a) Awad, H. H.; Stanbury, D. M. Int. J. Chem. Kinet. 1993,
25, 375—381. (b) Wink, D. A.; Darbyshire, J. F.; Nims, R. W.; Saavedra,
J. E.; Ford, P. C. Chem. Res. Toxicol. 1993, 6, 23—27. (¢) Goldstein, S.;
Czapski, G. J. Am. Chem. Soc. 1995, 117, 12078—12084.

(22) Al-Kaabi, S. S.; Willimas, D. L. H.; Bonnett, R.; Ooi, S. L. <.
Chem. Soc., Perkin Trans. 2 1982, 227—230.
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FIGURE 1. Influence of cysteine concentration on ks in the
decomposition of S-nitrosocysteine at 25 °C. (®) pH = 7.14,
(O) pH = 7.96, and (O) pH = 9.38.

cases. In addition, the metal ion-catalyzed decomposition
can be discarded on the basis of the absence of copper
ion catalysis and of nitrite ion as a reaction product.

Under our experimental conditions, we have deter-
mined the presence of ammonia using the Nessler!®
method. The accuracy of the method enables us to detect
quantitatively amounts of ammonia corresponding to 2%
of the decomposition of S-nitrosocysteine. However, the
obtained results indicate a clear absence of NHj, allowing
us to exclude the decomposition pathway of nitrosothiols
yielding NHj instead of NO.?® Experiments in which a 2
x 1073 M S-nitrosocysteine concentration was generated
were carried out with a view to detecting lower reaction
percentages that could lead to the formation of ammonia.
Measurable quantities of NH3 have not been detected
under these conditions, in such a way that we can
conclude that the ammonia concentration that may be
formed in all cases must be less than 0.4%.

Figure 1 illustrates the influence of cysteine buffer
concentration on ks for the decomposition of S-nitroso-
cysteine in a pH range between 6.9 < pH < 12. As can
be seen, there is a linear and quadratic dependence of
the observed rate constant on cysteine. In addition, the
quadratic dependence of ks on [cysteine] is observed to
be maximum at pH values near pH = 8 and to decrease
with both increasing and decreasing pH.

Experimental results were fitted to eq 1.

k. = EPP[cysteine] + k5PP[cysteine]” (1)

obs

where k7™ and k3" carry the dependence on the acidity
of the medium.

Figure 2 shows the kinetic behavior observed both in
the presence of H,PO,Na/HPO,Na; buffers and when HCI
is used to keep the acidity of the reaction medium
constant. A linear dependence of %.,s on cysteine concen-
tration is observed, with no sign of a quadratic term (eq
2):

ks = intercept + k7™ [cysteine] (2)

In the presence of an external buffer (H,PO,Na/HPO,-
Nay or CH3COOH/CH3COONa), the existence of a non-
zero intercept corresponding to the rate of the buffer-
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FIGURE 2. Influence of cysteine concentration on ks in the
decomposition of S-nitrosocysteine at 25 °C. (O) pH = 2.08
(HCI), (@) pH = 5.03 (buffer Ho.NaPO4/HPO,Nag), and (O) pH
= 6.07 (buffer HONaPO4/HPO,Nas).

catalyzed decomposition of S-nitrosocysteine is observed,
and it will be the subject of future research.

From Figures 1 and 2, it can be concluded that both
the linear term, k{*®, and the quadratic term, k5,
display a complex dependence on the acidity of the
medium. Figures 3 and 4 show the influence of the acidity
on these terms. As can be observed, £ increases with
the pH of the medium, reaching a limiting value at pH
~ 6. A new increase of k" occurs as the pH is in-
creased, reaching a maximum value at pH ~ 8. Further
increases in pH result in a decrease of the k3" value.
The pH dependence of k5" is likewise complex. The £5P°
term is not kinetically detectable either at pH values <
6 or at pH values > 12. In the acidity range between pH
= 6 and pH = 12, the k5" value is observed to increase,
with pH reaching a maximum value at pH value ~ 8. A
subsequent decrease in the acidity of the medium will
cause a decrease in k3.

Discussion

The absence of nitrite ion and NH; as the reaction
products as well as the absence of Cu?" catalysis and
evidence against acid hydrolysis of S-nitrosocysteine
indicate that the decomposition reaction should take
place through a nitroso group transfer. RSNO compounds
are able to nitrosate amines to form nitrosamines.?*
These transnitrosation reactions have been shown to
occur readily in aqueous solution at pH > 7.4.2° The
reactions of RSNO with thiols to give unsymmetrical

(23) (a) Wong, P. S. Y.; Hyun, J.; Fukuto, J. M.; Shirota, F. N.;
DeMaster, E. G.; Shoeman, D. W.; Nagasawa, H. T. Biochemistry 1998,
37,5362—5371. (b) Singh, S. P.; Wishnok, J. S.; Keshive, M.; Deen, W.
M.; Tannenbaum, S. R. Proc. Natl. Acad. Sci. U.S.A. 1996, 93, 14428—
14433. (¢) Dicks, A. P.; Li, E.; Munro, A. P.; Swift, H. R.; Williams, D.
L. H. Can. J. Chem. 1998, 76, 789—794.

(24) (a) Williams, D. L. H. Nitrosation; Cambridge University
Press: Cambridge, U.K., 1988. (b) Oae, S.; Shinhama, K. Org. Prep.
Proced. Int. 1983, 15, 165—198. (c) Al-Kaabi, S. S.; Williams, D. L. H.;
Bonnett, R.; Ooi, S. L. J. Chem. Soc., Perkin Trans. 2 1982, 227—230.

(25) (a) Barnett, D. J.; Rios, A.; Williams, D. L. H. J. Chem. Soc.,
Perkin Trans. 2 1995, 1279—1282. (b) Barnett, D. J.; McAninly, J.;
Williams, D. L. H. J. Chem. Soc., Perkin Trans. 2 1994, 1131-1133.
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FIGURE 3. Influence of [H*] on £i** in the decomposition of
S-nitrosocysteine at 25 °C and I = 1.00 M (NaClO,). The
acidity of the medium was controlled using HC1, CH;COOH/
CH3COONa buffers, HoPOsNa/HPOsNa;, buffers, buffers of
cysteine itself, and NaOH. The solid line represents the fit of
experimental k3 values to eq 6.

S 2 2 9 ¢ 5w w
& s & 2 & o & 9
[H]. M

FIGURE 4. Influence of [H'] on %5 in the decomposition of
S-nitrosocysteine at 25 °C and I = 1.00 M (NaClO,). The
acidity of the medium was controlled using HCl, CH;COOH/
CH3COONa buffers, HoPO,Na/HPO4Nay buffers, buffers of
cysteine itself, and NaOH. The solid line represents the fit of

experimental k5™ values to eq 8.

disulfides (RSSR') were reported by Oae.?6 It has also
been shown that, at high thiol concentrations, the reac-
tion between RSNO and thiols (first-order in both reac-
tants) results in the formation of the disulfide and
ammonia as the principal final products, and the reaction
was found not to be catalyzed by metal ions.?? In our
experimental conditions, the possible transnitrosation
reaction from S-nitrosocysteine to cysteine cannot be
responsible for the disappearance of RSNO since we
would be in condition of an identity reaction. In addition,
the absence of ammonia in the reaction medium allows
us to eliminate the possibility that the decomposition of
N-nitrosocysteine is due to the nitroso group transfer
reaction from S-nitrosocysteine to the sulfur atom of
another cysteine molecule.

Another potential decomposition pathway for S-ni-
trosocysteine is the intramolecular and intermolecular

(26) Oae, S.; Kim, Y. H.; Fukushima, D.; Shinhama, K. J. Chem.
Soc., Perkin Trans. 1 1978, 913—917.
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nitroso group transfer reaction from S-nitrosocysteine to
the nitrogen atoms of S-nitrosocysteine itself (intramo-
lecular) or of another cysteine molecule (intermolecular)
(Scheme 2).

The reaction will result in the formation of N-nitroso-
cysteine. Primary amines react readily with nitrosating
agents to give products of deamination. The intermedi-
ates, primary nitrosamines (RNHNO), are not stable;
therefore, after a series of subsequent reactions, they give
rise to diazonium ions (RNy"), which then decompose to
the final products (Scheme 3).

The diazonium salt formed from N-nitrosocysteine will
decompose with release of nitrogen and formation of the
corresponding organic compounds derived from the reac-
tion of RNyt with the various nucleophiles present in the
reaction medium. The release of gas bubbles during the
decomposition of S-nitrosocysteine is consistent with this
reaction scheme. Likewise, this decomposition scheme of
S-nitrosocysteine is in agreement with the absence of
copper ion catalysis and the absence of nitrite ion and
ammonia among the reaction products.

Further evidence of primary N-nitrosamine formation
has been obtained by studying the stability of HoNCHo-
CH2S—NO under conditions analogous to that of S-
nitrosocysteine. Among the reaction products, the alcohol
HOCH,;CH,SH has been identified by *C NMR. The
formation of this alcohol is consistent with the nitroso
group transfer, generating a primary nitrosamine (ON—
NHCH;CH,SH) which yields the diazonium salt (*NoCHs-
CH,SH). This diazonium salt can be trapped by any
nucleophile present in the reaction medium, and among
the products it yields is HOCH,CH,SH.

The intermolecular nitroso group transfer is the basis
of the widely studied transnitrosation reactions. Among
the potential nitroso group donors, O-nitroso compounds
(alkyl nitrites?”), N-nitroso compounds (N-nitroso sul-
fonamides?®), S-nitroso compounds (thionitrites?425.29),
among others, are well-known. There are many examples

(27) (a) Garcia Rio, L.; Iglesias, E.; Leis, J. R.; Pena, M. E.; Rios, A.
J. Chem. Soc., Perkin Trans. 2 1993, 29—37. (b) Garcia-Rio, L.; Leis,
J. R.; Iglesias, E. J. Org. Chem. 1997, 62, 4701—4711. (c¢) Garcia-Rio,
L.; Leis, J. R.; Iglesias, E. J. Org. Chem. 1997, 62, 4712—4720.
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in the literature of reactions occurring with intramolecu-
lar nitroso group transfer. Among these intramolecular
nitroso group transfers, the following are well-known:
O—NO — N—NO migration, which can be observed in
the nitrosation of amides and ureas,® nitrosation of
amino acids®! in acidic medium and nitrosation of hidrox-
ylamines;3? C—NO — N—NO migration, observed in the
nitrosation of indoles?® in acidic medium; and N—NO —
C—NO migration, which can be observed in the Fischer—
Hepp?* rearrangement. Similarly, S—NO — N—NO rear-
rangements are common when studying the nitrosation
of cysteine?® in acidic medium, nitrosation of thioureas,3¢
or the nitrosation of thioproline or thiomorpholine.3”
However, no evidence for S—NO — N—NO nitroso group
transfers in neutral and basic media was found.

First-Order Term in Cysteine, k*". The intramo-
lecular nitroso group transfer is responsible for the first-
order dependence of k.,s on cysteine concentration,
whereas the intermolecular transfer is responsible for the
quadratic dependence. S-Nitrosocysteine is in equilibri-
um with its corresponding conjugated acids and bases
(Scheme 4).

Only the CysNO structure is able to transfer the
nitroso group intramolecularly. In HeecysNO and Heys-
NO structures, the protonated amino group is not nu-
cleophilic enough for the rearrangement reaction of the
NO group to occur.

A simple mechanism of intramolecular nitroso group
transfer where only the S-nitrosocysteine molecule is

(28) Garcia-Rio, L.; Leis, J. R.; Moreira, J. A.; Norberto, F. J. Org.
Chem. 2001, 66, 381—390.

(29) (a) Munro, A. P.; Williams, D. L. H. J. Chem. Soc., Perkin Trans.
21999, 1989—-1993. (b) Munro, A. P.; Williams, D. L. H. JJ. Chem. Soc.,
Perkin Trans. 2 2000, 1794—1797.

(30) (a) Castro, A.; Iglesias, E.; Leis, J. R.; Pena, M. E.; Vazquez
Tato, J. J. Chem. Soc., Perkin Trans. 2 1986, 1725—1729. (b) Meijide,
F.; Vazquez Tato, J.; Casado, J.; Castro, A.; Mosquera, M. J. Chem.
Soc., Perkin Trans. 2 1987, 159—165. (c) Castro, A.; Gonzalez, M.;
Meijide, F.; Mosquera, M. J. Chem. Soc., Perkin Trans. 2 1988, 2021—
2027.

(31) Casado, J.; Castro, A.; Leis, J. R.; Mosquera, M.; Pena, M. E.
J. Chem. Soc., Perkin Trans. 2 1985, 1859—1864.

(32) Dal Magro, J.; Meijide, F.; Provost, S.; Tato, J. V.; Yunes, R. A.
J. Chem. Soc., Perkin Trans. 2 2001, 1192—1194.

(33) (a) Bravo, C.; Herves, P.; Leis, J. R.; Pefia, M. E. J. Chem. Soc.,
Perkin Trans. 2 1992, 185—189. (b) Castro, A.; Herves, P.; Iglesias,
E.; Leis, J. R.; Penia, M. E. J. Chem. Res. 1988, 76—77.

(34) Williams, D. L. H. J. Chem. Soc., Perkin Trans. 2 1982, 801—
804 and references therein.

(35) (a) Meyer, T. A.; Williams, D. L. H. J. Chem. Soc., Perkin Trans.
21983, 1067—1068. (b) Jorgensen, K. A. J. Org. Chem. 1985, 50, 4758—
4762.

(36) (a) Meijide, F.; Stedman, G. J. Chem. Res. 1989, 232—233. (b)
Meijide, F.; Stedman, G. J. Chem. Soc., Perkin Trans. 2 1988, 1087—
1090. (¢) Lown, J. W.; Chauhan, S. M. S. J. Chem. Soc., Chem.
Commaun. 1981, 675—676. (d) Williams, D. L. H. JJ. Chem. Soc., Perkin
Trans. 2 1977, 128—132. (e) Collings, P.; Al-Mallah, K.; Stedman, G.
J. Chem. Soc., Perkin Trans. 2 1975, 1734—1736. (f) Al-Mallah, K.;
Collings, P.; Stedman, G. J. Chem. Soc., Dalton Trans. 1974, 2469—
2472.

(87) (a) Coello, A.; Meijide, F.; Vazquez Tato, J.J. Chem. Soc., Perkin
Trans. 2 1989, 1677—1680. (b) Castro, A.; Iglesias, E.; Leis, J. R.; Tato,
J. V.; Meijide, F.; Peia, M. E. JJ. Chem. Soc., Perkin Trans. 2 1987,
651—656.
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SCHEME 5
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RSH + NO* ==——= RS(H)NO === RSNO + BH

involved (as shown in Scheme 2) would lead to a rate
equation that would be zero-order in cysteine. This zero-
order term ought to increase with increasing pH of the
medium and reach a limiting value when all the S-
nitrosocysteine is in the CysNO form. However, our
experimental results show that there is a first-order term
in cysteine, £7*", which exhibits a complex dependence
on the pH of the medium. This first-order term arises
from the fact that the intramolecular nitroso group
transfer pathway proceeds with acid catalysis.

The reaction mechanism of S-nitroso compounds with
nucleophiles is closely related to the nitrosation mecha-
nism of thiols. Unlike nitrosation of alcohols,!® nitrosation
of thiols®® takes place through a mechanism similar to
that of nitrosation of amines. The attack of the nitrosat-
ing agent on the thiol occurs in a slow step, and the
proton transfer occurs in a subsequent fast step (Scheme
5).

This nitrosation mechanism implies that denitrosation,
NO group transfer to any other nucleophile, must occur
with the assistance of acid catalysis. The existence of acid
catalysis in the nitroso group transfer reaction will also
be compatible with metal cation catalysis in the nitroso
group transfer reaction from thiols to nucleophiles. This
behavior is well-documented when studying the decom-
position of nitrosothiols catalyzed by mercury(Il) and
silver salts.?

The decomposition reaction of S-nitrosocysteine occurs
in buffer solutions in the presence of an excess of cysteine.
Due to its acid—base equilibrium, cysteine can exist in
five microscopic structures (Scheme 6) in function of the
acidity of the reaction medium.

We must consider the possibility that four of the five
structures of cysteine may act as acid catalysts in the
nitroso group transfer reaction (Scheme 7).

Moreover, we must take into account the possibility
that water and H* may also act as catalysts*’ given the
wide range of pH values considered. This pattern of
behavior allows us to obtain the following expression for
kobs, just considering that the total S-nitrosocysteine
concentration will be the sum of the three structures
shown in Scheme 4.

KNOgNO
1 B +

ky ot kyHT+

KYORNO 1 RNO[H ] + [H+]2\ H0 ' *H

By K pkggegs - + KoKk gy T+ Koo [HT? + Eyggey ) [H'T°
KKK, + (KK, + KKp)[H'] + K,[H? + [H

k obs —

[cysteinelr | (3)

(38) Aldred, S. E.; Williams, D. L. H.; Garley, M. J. Chem. Soc.,
Perkin Trans. 2 1982, 777—782.

(39) Swift, H. R.; Williams, D. L. H. JJ. Chem. Soc., Perkin Trans. 2
1997, 1933—-1935.

(40) When the decomposition reactions of S-nitrosocysteine were
studied in the presence of a buffer different from cysteine itself, the
existence of a nonzero intercept was observed in the linear dependence
of kops On cysteine concentration. This intercept should correspond to
the intramolecular nitroso group transfer reaction catalyzed by the
acid form of the buffer.
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From this equation we can obtain the following expres-
sion for k3PP

KNO KNO
k?pp — 1 2
KYORNO + KNO[HY] + [H']?
(KIKAkHcys(f) + KIKBkCysH(f))[Hﬂ + I{1kH2cys[H+]2 + kH3cyss(+)[H+]3
KKK + (KK, + K,Kx)[H'] + K, [H? + [H"®

4)

The rate constants kmpeys—) and kcysu—) cannot be
obtained independently. We therefore turn to the mac-
roscopic acidity constants, in such a way that the previ-
ous equation can be rewritten as:

. Kll\IO KI2\IO
b KRN0 4+ YOI + [HY]
K Kooy H1 + K koo [H1 + Rygep ) [HT?
KKK, + K,K,[H'] + K,[H? + [H]?

2X

6))

where Ki, K5, and K3 are the macroscopic acidity con-
stants of cysteine (see Scheme 6) and ke is the rate
constant for acid catalysis by the macroscopic form, sum
of Heys(—) and CysH(—). The previous equation can be
simplified considering that the introduction of the nitroso

group into a molecule causes an increase of acidity. Thus,
it is expected that KII\IO > K; and KIZ\IO > K,. Taking into
account this increase in acidity when going from cysteine
to S-nitrosocysteine and the values of the macroscopic
acidity constants of cysteine (Scheme 6), we can rewrite
the previous equation as:

REPP = {KIKZKI;OkHcyS[H+] + KlKgIongcys[HJr]z n
K Rrtgegson L THE GRS + KK + Ky
[H'] + KK + K)IH? + (&Y + K)[HT® +

[H'1Y} ®6)

This equation agrees perfectly with the observed
kinetic behavior. The solid line shown in Figure 3
corresponds to the fit of experimental results to eq 6.
From the fit of experimental results to eq 6, the values
of pK; = 3.4, pK, = 9.24, pK; = 10.67, and pK;° = 6.12
can be obtained. The values obtained for the pK, of
cysteine are close to the experimental results. The
greatest deviations are observed for pK; and pKs. In the
case of pKj, the reason lies in the fact that the acidity
values used were not high enough for this term to have
a great statistical weight. In addition, a certain disagree-
ment is observed between the pK; value optimized from
eq 6 and the literature value. The explanation lies mainly
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in the existence of some degree of correlation between
the pK, and pKIZ\IO values when performing the math-
ematical fit. It must be emphasized that, as expected,
the introduction of the nitroso group into the cysteine
molecule brings about an increase in acidity. This in-
crease in acidity confirms that KIZ\IO > K.

Fitting eq 6 to the experimental results also allows us
to obtain the values of the rate constants for the intramo-
lecular nitroso group transfer catalyzed by cysteine. The
values obtained, kuseys(+) = 4.30 M1 871 kpgeys = 1.40 x
1072 M1 s7%, and kgeys = 4.90 x 1073 M1 571, show that
the reaction rate increases with increasing strength of
the catalyst.

Second-Order Term in Cysteine, k3PP. Figure 4
shows the results obtained from studying the influence
of the acidity of the medium on k5. As can be observed,
this quadratic term is only observable in a pH range
between 6.89 < pH < 12. The k5™ value increases with
increasing pH of the medium until it reaches a maximum
value at pH ~ 8 and then decreases with further increase
in pH. This experimental behavior is assumed to be due
to an intramolecular nitroso group transfer reaction
catalyzed by a cysteine molecule.

Any of the three structures of S-nitrosocysteine—
HscysNO, HeysNO, or CysNO—might transfer their
nitroso group to an attacking nucleophile. Nevertheless,
considering that the quadratic term, k5", is observed
only for values of pH > 6.9 and that the pKll\IO value
must be pKIfO < 0, only the HeysNO and CysNO
structures are expected to be able to act as nitroso group
donors. Only two of the five structures for cysteine shown
in Scheme 6, CysH(—) and Cys(2—), can act as nitroso
group acceptors. These are the only microscopic struc-
tures of cysteine where the amino group is not protonated
and therefore it can act as a nucleophile. The possibility
of nucleophilic attack by the Cys(2—) structure is found
to be negligible from the experimental results. If
Cys(2—) were a reactive structure competing with CysH-
(=), k3PP would be expected to keep increasing for values
of pH > 8, since a value of pK; = 10.38 corresponds to
the Cys(2—) structure. Likewise, if the reactive structure
were Cys(2—) it could not function as an acid catalyst,
while the double behavior (both as a nucleophile and an
acid catalyst) is possible for the CysH(—) structure.
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Therefore, we propose a reaction mechanism for the
intermolecular nitroso group transfer as that shown in
Scheme 8.

The HeysNO and CysNO structures of S-nitrosocys-
teine are able to act as nitroso group donors, whereas
only the CysH(—) structure of cysteine can play the role
of acceptor. We will consider as potential acid catalysts
the structures of cysteine present in the acidity range
between 6.9 < pH < 12, that is to say, H2cys, Heys(-),
and CysH(—). Similarly to what happened when study-
ing the intramolecular nitroso group transfer mechanism,
the reaction pathways of acid catalysis by Heys(—) and
CysH(—) are kinetically indistinguishable. Hence, we
will use a rate constant corresponding to the pathway of
acid catalysis by the macroscopic form, sum of Heys(—)
and CysH(-).

The mechanism shown in Scheme 8 leads to the
following expression for 25"

Kl
<~ X
K¥° + [H']
K K KKk [H'? + (K ks + KYR)K Ky[H'? + K Kok, JH'*
(KKK + (K, + KpK,[H + K,[H']? + [H]}?

app _
2

(7

where the equilibrium and rate constants have the
meanings ascribed to them by Schemes 4, 6, and 8. To
obtain eq 7, we have considered that KZNO > K, just as
when studying the influence of pH on %£7*". In addition,
it will be confirmed that K; > [H'] for the acidity range
between 6.9 < pH < 12. Thus, the above equation can
be rewritten as:

K, KyH'?
X
(KK, + (K, + Kp)[H] + [H]%)?

(k5K + kK5 ©)
R S

Ky° + [H']

app —
R =

k
[H'] + —[H"?
KA

(8

To fit eq 8 to the experimental results, we have kept
constant the value for the microscopic acidity constant
of cysteine, pKg = 8.58. The values of pK = 8.23, pK¢ =
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11.27, and pKy° = 7.74 can be obtained from the fit
(solid line in Figure 4). The discrepancies between the
experimental and optimized values of the acidity con-
stants are a consequence of the narrow pH range where
the quadratic dependence of the rate constant occurs, the
cysteine concentration, and the great number of optimi-
zable parameters. The values of 2, = 0.567 M2 s~! and
k7=2.1 x 1073 M2 s7! are also obtained. A value 0of 6.13
x 1072 M1 s71 is obtained for the term (k5K + kGKQIO).
The results obtained indicate that k4, > k7 as might be
expected for a process of acid catalysis in terms of the
strength of the acids involved. For the term (ksKa +
ke,KIz\IO), we expect that kg > k5 by virtue of the higher
acidity of H2cys in comparison with Heys(—) or
CysH(—). Furthermore, if we take into account that Ky
< KN, we can conclude that (k5K + keKY©) ~ kKb ©.
By using the value of pKZNO = 6.12 obtained previously,
we calculated a value of k¢ ~ 8.07 x 1073 M2 s~ L. This
value is superior to the k; value obtained for the Heys-
catalyzed transnitrosation of CysH(—) from CysNO, and
it is due to the greater acid strength of H2cys compared
to Heys. The kg value is also observed to be lower than
that of k4, although in both cases the acid catalyst is
H2cys. The reason lies in the difference between the
nitroso group donor agents: HeysNO is a better donor
than CysNO since the leaving groups corresponding to
the loss of the nitroso group would be the Heys(—) and
Cys(2—) structures (Scheme 6) to which it corresponds
a difference in acidity of approximately two pK, units.
Structure—Reactivity Correlations. From the val-
ues obtained for the rate constants of intramolecular
nitroso group transfer, we can establish a Brgnsted
correlation (not shown) giving a value of o = (0.34 +
0.04). Similarly, a Brgnsted correlation can be established
for the rate constants of the intermolecular nitroso group
transfer reaction. In this case, the correlation is more
limited since only two values of the rate constants are
provided. The value obtained, oo = 0.27, agrees well with
that obtained for the intramolecular nitroso group trans-
fer reaction. Given the fact that in both cases the nitroso
group donor species is the same, CysNO, this result
seems to indicate that the proton transfer in the transi-
tion state takes place to a small extent (Scheme 9).
The rate constants k4 and kg correspond to intermo-
lecular nitroso group transfer processes catalyzed by
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H2cys from different nitrosating agents. In the first case
the nitrosating agent is HcysNO and its corresponding
leaving group will be Heys(—), (pKz); = 8.21, while in
the second case the leaving group will be Cys(2—), (pK3)i,
= 10.38. A Brgnsted correlation can be constructed with
the two available values of the rate constants, and then
a slope, oy; = 0.85, is obtained. This value is indicative
of the fact that the intermolecular nitroso group transfer
reaction is proceeding through an asymmetric transition
state in which the extent of S—NO bond cleavage is ahead
of the proton transfer.

Conclusions

1. The reaction mechanism of the decomposition of
S-nitrosocysteine has been studied under conditions of a
large excess of cysteine. Analysis of the reaction products
reveals the absence of nitrite ion and ammonia, indicat-
ing the existence of a new reaction pathway different
from those considered traditionally.

2. The decomposition reaction has been found to
proceed via one intramolecular and another intermolecu-
lar nitroso group transfer pathway. The first pathway
constitutes the first example of intramolecular migration
of the nitroso group (S—NO — N—NO) in neutral and
basic medium. Kinetic analysis of the experimental
results shows that both processes occur with acid cataly-
sis by a cysteine molecule. An analysis of the experimen-
tal results allows us to establish a limited Brgnsted
correlation and to propose a structure for the transition
state of the reaction where the extent of S---NO bond
cleavage is greater than that of AH---S bond formation.

3. The existence of a new decomposition pathway for
S-nitrosocysteine in which NO is not produced has a
significant biological impact since nitrosothiols have
usually been considered as potential NO donors in vivo.
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