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Nitric oxide (NO) exhibits multiple biological actions 
through formation of various oxidized intermediates 
derived from NO. Among them, nitrosothiol adducts 
(RS-NOs) with the sulfhydryl moiety of proteins and 
amino acids appears to be an important species in 
view of its unique chemical reactivity. Understanding 
of the biologically relevant S-nitrosation mechanism is 
essential because RS-NOs seem to be critically 
involved in modulation of intracellular and intercellu- 
lar signal transduction, including gene transcription, 
cell apoptosis, and oxidative stress. RS-NOs have been 
recently found to be formed efficiently via one-elec- 
tron oxidation of NO catalyzed by ceruloplasmin, a 
major copper-containing protein in mammalian 
plasma. Ceruloplasmin is synthesized mainly by 
hepatocytes, but it is also expressed by other cells such 
as macrophages and astrocytes. Once RS-NOs are 
formed, they function as NO transporters in biological 
systems, the NO being transferred to different sulfhy- 
dryls of various biomolecules. This transfer may be 
mediated by transnitrosation reactions occurring 
chemically or enzymatically by a means of specific 
enzymes such as protein disulfide isomerase. The 
molecular mechanism of biological S-nitrosation is 
discussed as related to the important physiological 
and pathophysiological functions of RS-NOs. Also, 
RS-NO assays that are being successfully used for 
detection of biological S-nitrosation are briefly 
reviewed. 

Keywords: ni t r ic  ox ide ;  S-n i t rosa t ion ;  n i t r o so th io l ;  c o p p e r  
ion;  t r a n s n i t r o s a t i o n ;  c e r u l o p l a s m i n ;  p e r o x y n i t r i t e  

INTRODUCTION 

Many physiological events caused by nitric 
oxide (NO) are mediated through cyclic guanos- 
ine monophosphate  (cGMP)-dependent path- 
ways and involve NO-induced activation of 
soluble guanylate cyclase, [1-3] The formation of 
secondary nitrogen oxides that are generated 
from NO, leading to S-nitrosation and nitration 
of biomolecules, also appears to contribute to 
diverse physiological and pathophysiological 
phenomena  through cGMP-independent  path- 
ways.[ 4-111 

NO-related oxidized intermediates may  pro- 
duce nitrosative additions to nucleophilic cent- 
ers of biological molecules. [4'12-17] For example, 
sulfhydryl-containing molecules such as glutath- 
ione (GSH) are susceptible to S-nitrosation. 
Nitrosothiols (RS-NOs) thus formed seem to 
play an important  role in NO-mediated signal- 
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ing cascades, including down-regulation of 
N-methyl-D-aspartate (NMDA) receptors, pro- 
duction of nonadrenergic and noncholinergic 
responses, and modulation of gene transcription 
and apoptosis. [18-22] To obtain a better under- 
standing of biologically relevant S-nitrosation, it 
is essential to identify and quantify the various 
RS-NOs generated in biological systems such as 
S-nitrosoglutathione (GS-NO) and pro- 
tein-bound RS-NOs (e.g., S-nitrosoalbumin and 
S-nitrosohemoglobin). This article will highlight 
recent advances that may address the mecha- 
nism and biological implications of S-nitrosation 
caused by NO. 

Metal ion Griess reagent 
flow reactor flow reactor 

HPLC 

oo,o ° _ i _ _ l  
Safi3pie ~( r ~c~c p ~  ~ D~cp Lron~nlnn)~ 

eve~se phage) (gel filtratio 

Mobile phase HgCI 2 Griess 
reagent 

FIGURE 1 Flow diagram of the HPLC-based system using 
Hg2+-Griess reagent flow reactor for RS-NO measurement. 
Various RS-NOs being eluted on the HPLC column are 
decomposed with Hg z+ and detected with Griess reagent 
after azo dye formation. Only S-nitrosated compounds give 
peaks in this system 

DETECTION OF RS-NOs IN BIOLOGICAL 
SAMPLES 

The traditional method for RS-NO quantification 
was first described by Saville. [231 It is based on 
the mercuric ion (Hg2+)-catalyzed release of 
NO + from RS-NO, followed by the Griess rea- 
gent assay to detect azo dye formation. How- 
ever, Saville's method has serious limitations for 
determination of sensitivity and specificity of 
RS-NO determination in biological samples, 
because of the high background level of NO 2- 
and various substances that interfere with Griess 
reagent reaction. To overcome these limitations, 
the original Saville method was modified by 
using high performance liquid chromatography 
(HPLC) coupled with a post-column flow reactor 
using Hg 2+ and Griess reagent (Fig. 1). [241 This 
HPLC-based Hg2+-Griess reagent assay is suffi- 
ciently sensitive and specific for RS-NO quantifi- 
cation in biological samples (detection limit: >5 
nM); it can be also applied to measurement of 
protein-bound RS-NOs. Indeed, this method is 
useful for identifying the mechanism of S-nitro- 
sation and characterizing S-nitrosated proteins, 
as described later in this article. 

Although there are several methods for detec- 
tion of RS-NOs described in the literature, [25'261 
only a few can be successfully applied to quanti- 
tative measurement of RS-NOs in biological 
samples. Recently, chemiluminescence-based 
assays have been reported, and, most important, 

Moore's group successfully determined the total 
amount of RS-NOs in human plasma. [27] In their 
assay, RS-NO was decomposed in the reaction 
mixture of cuprous ion (Cu+), iodine, and iodide 
to form NO, which was subsequently quantified 
by sensitive ozone-dependent chemilumines- 
cence (detection limit: ___5 nM). The normal level 
of RS-NO in the venous plasma of healthy 
human volunteers was thus estimated as 28 + 7 
nM. This seems quite reasonable, because we 
also found by using the above-mentioned 
HPLC-based assay a similar range of pro- 
tein-bound RS-NOs in the plasma of a critically 
ill patient with severe pancreatitis and septi- 
cemia (unpublished data). The much higher val- 
ues for RS-NOs in plasma reported by other 
groups are likely overestimations because of 
inaccurate RS-NO analysis with a lower specifi- 
city and/or  artefactual RS-NO generation dur- 
ing sample processing. [28'29] 

MECHANISM OF RS-NO FORMATION 

NO is oxidized by molecular oxygen (O2)  , and 
dinitrogen trioxide (N203), a strong nitrosating 
agent, is produced according to the following 
equations (eq. 1, 2): 

2NO + 02 --+ 2NO2 . . . . . .  eq. 1 

NO q- NO2 --+ N203 . . . . . .  eq. 2 
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BIOLOGICAL S-NITROSATION 463 

Because NO per se does not react directly with 
sulfhydryl-containing compounds (RSH) to form 
RS-NO, metabolites formed during NO autooxida- 
fion such as N20 3 may be likely candidates for 
S-nitrosation. [12-15] However, the reaction (shown 
in eq. 1) of physiological NO concentrations (in the 
nanomolar to low micromolar range) with 0 2 pro- 
ceeds very slowly in solution at neutral pH under 
ambient conditions. Also, H20, which reacts with 
N20 3 to form HNO 2 in an aqueous milieu, com- 
petes in the reaction of N20 3 with RSH. [14] There- 
fore, S-nitrosation via this simple autooxidation of 
NO may not occur efficiently under physiological 
conditions, even if NO is produced in excess by 
inducible NO synthase (iNOS). 

In contrast, peroxynitrite (ONOO-), a potent 
nitrating and oxidizing agent formed by rapid 
reaction of NO and superoxide anion (O2'-), f7-11] 
may contribute to S-nitrosation in biological sys- 
tems. [30] This possibility is linked to many earlier 
studies showing that ONOO- induces activation 
of soluble guanylate cyclase, resulting in 
vasodilatation, inhibition of platelet aggregation 
and leukocyte adhesion, due to regeneration of 
NO from ONOO-. [31-34] The mechanism of 
RS-NO formation mediated by ONOO- is, how- 
ever, only poorly understood, because there are 
still inconsistent observations regarding thiol 
modification by ONOO- and NO regeneration 
from ONOO-.[3°'35-39] 

It has been proposed that S-nitrosation is cata- 
lyzed by heavy metal ions through one-electron 
oxidation of NO. Vanin's group first reported the 
possible involvement of iron ion in RS-NO for- 
mation via production of a dinitrosyl iron-sulfur 
complex, which is often observed in cells and tis- 
sues expressing iNOS. [4°] It was also suggested 
that hemoglobin may catalyze S-nitrosation; 
however, the detailed mechanism was not pre- 
sented. [41] Although iron ion complexed with 
particular ligands in an NO redox reaction may 
contribute to S-nitrosation as suggested by 
Vanin, the efficiency and physiological relevance 
of these iron-dependent S-nitrosation reactions 
remain obscure. 

However, two important recent reports indi- 
cated that at least free ferric ion (Fe 3+) is ineffec- 
tive in S-nitrosation, and that cupric ion (Cu 2+) 
rather than iron is a potent catalyst in NO oxida- 
tion, producing NO+or RS-NO in the presence of 
RSH according to the following reactions: [16'171 

Cu 2+ + NO -+ Cu + + NO + . . . . . .  eq. 3 

NO + + RS --+ RS - NO . . . . . .  eq. 4 

Specifically, we found that C u  2+ is a potent 
catalyst of S-nitrosation for low molecular 
weight RSH such as GSH and 
N-acetyl-L-cysteine but that free Cu2+is much 
less efficient than is the multicopper protein cer- 
uloplasmin (CP) in cell culture systems. [16] In 
contrast, Stubauer et al. suggested from their 
cell-free in vitro assay that S-nitrosation cata- 
lyzed by Cu 2+ occurs effectively only with sulf- 
hydryls of proteins such as bovine serum 
albumin and hemoglobin, through direct reac- 
tion of NO with a stable Cu2+-thiol complex 
formed in proteins without production of 
NO+. [17] Their result is not entirely consistent 
with our finding, except that Cu 2+ can be an 
important contributor in biological S-nitrosation. 
The S-nitrosation mechanism that we proposed 
for CP-dependent S-nitrosation is discussed in 
more detail below, with a focus on the unique 
catalytic action of CP as a multicopper oxidase. 

CERULOPLASMIN FUNCTION AS AN NO 
OXIDASE, WITH FORMATION OF RS-NO 

CP appears to efficiently catalyze one-electron 
oxidation of NO and thus functions as an NO 
oxidase. This multicopper enzyme, consisting of 
three domains, catalyzes one-electron oxidation 
of various elements and substances such as fer- 
rous iron and organic amines. [42'43] Three differ- 
ent types of copper in CP, i.e., types 1, 2, and 3, 
are involved in electron transfer during such oxi- 
dation reactions. [44-49] The type 1 copper serves 
as an electron acceptor for substrates, and four 
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464 TAKAAKI AKAIKE and V. DARLEY-USMAR 

electrons are transferred from type 1 copper to 
the tricluster of types 2 and 3; 0 2, as a final elec- 
tron acceptor, is reduced to form H20. There- 
fore, similar to the ferroxidase and amine 
oxidase activity of CP, CP's NO oxidase activity, 
leading to efficient S-nitrosation, seems to occur 
via intramolecular electron transfer catalyzed by 
the multicopper components of CP, as shown 
schematically in Fig. 2. CP's activity in formation 
of RS-NO is remarkably attenuated when CP is 
treated with the potent oxidant ONOO-, I16] 
which was previously demonstrated to destroy 
the copper ligands of CP, thus leading to Cu 2+ 
release from the protein. [5°] This result may also 
indicate that conformational integrity of the 
three types of copper in CP is of great impor- 
tance for its S-nitrosation reaction. 

NO" 

• H O= I cu ,r 
.o @ c J \  

RS-NO HzO 

CP type I copper CP types 2 & 3 
copper tricluster 

FIGURE 2 A possible reaction scheme for CP-catalyzed 
RS-NO formation 

It has been known for a long time that reduced 
heavy metals such as Cu + decompose RS-NO to 
release free NO, [51-531 which is a reverse reaction 
of Cu2+-catalyzed S-nitrosation. RS-NO readily 
decays in the presence of Cu+; this decay is 
potentiated by use of reducing agents such as 
ascorbate and sulfhydryl-containing com- 
pounds. In fact, as described above, Moore's 
group used the Cu+-dependent RS-NO decom- 
position in a chemiluminescence-based RS-NO 
assay, and they successfully quantified RS-NO 
content in biological samples. [27] CP-mediated 

RS-NO decomposition, however, occurs much 
less efficiently than does decomposition caused 
by free Cu 2+ (or Cu+). RS-NO synthesis thus pre- 
dominates over its decay, possibly because of the 
relatively limited accessibility and reactivity of 
three types of liganded copper ions in CP. [16] 

CP, which is highly up-regulated at the tran- 
scriptional level, exists abundantly in plasma (2- 
3 ~tM), as an acute-phase reactant in various 
inflammatory conditions, in liver cirrhosis, and 
in acute myocardial ischemia. [54'55] It is synthe- 
sized mainly by hepatocytes and secreted into 
the plasma. [16] Other cells such as macrophages 
also produce CP. [56'57] Recent reports indicate 
that CP is expressed in the central nervous sys- 
tem, [58-6°] suggesting a neuroprotective effect of 
this protein. In fact, the hereditary disorder acer- 
uloplasminemia is reported to be associated with 
retinal degeneration and neurological deficit. [61- 
63] More important, the antioxidant property of 
CP is well documented, although its mechanism 
is still unclear. I64-66] For example, an elevated 
level of CP in the lungs of patients with adult 
respiratory distress syndrome is suggested to 
contribute to antioxidant defense against neu- 
trophil-induced lung injury. [67] Thus, the cata- 
lytic activity of CP in S-nitrosation is of 
considerable interest, in that the neuroprotective 
and antioxidant activities of CP may be linked to 
its promotion of RS-NO formation. RS-NOs are 
also thought to have a beneficial effect on neuro- 
nal cell injury caused by oxidative stress and 
even on excitotoxicity via stimulation of the 
NMDA receptor. [6A8'68'69] 

F O R M A T I O N  OF P R O T E I N - B O U N D  R S - N O  

Copper ion has the potential to nitrosate not only 
low molecular weight sulfhydryl-containing 
compounds but also protein-bound sulfhy- 
dryl-containing compounds. CP-catalyzed S-nit- 
rosation, however, occurs most effectively with 
low molecular weight compounds such as GSH; 
it was not notable with protein-bound sulfhy- 
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BIOLOGICAL S-NITROSATION 465 

dryl-containing compounds. This low efficiency 
of CP-catalyzed S-nitrosoprotein formation 
appears to be due to poor accessibility of the 
copper ions of CP to the sulfhydryls of the pro- 
tein to be nitrosated. It is believed that free cop- 
per ion is not available in biological systems. [7°1 
For example, about 95% of total plasma copper is 
found in CP, the rest of the copper being 
attached to albumin or amino acids. Hence, it is 
assumed that the copper ion may not directly 
induce S-nitrosoproteins in vivo. Rather, protein 
nitrosation may be induced indirectly through 
transnitrosation from low molecular weight 
RS-NOs formed after CP-dependent S-nitrosa- 
tion. The possible mechanism for protein S-nitro- 
sation via transnitrosation is illustrated 
schematically in Fig. 3. Of importance here is a 
recent finding that a cell-surface protein 
disulfide isomerase catalyzes transnitrosation, 
which promotes access of extracellular RS-NO to 
the intracellular environment. I71] 

/ co2 .x / \ 
\ 

FIGURE 3 Schematic drawing of CP/Cu2+-mediated S-nitro- 
sation of low molecular weight thiol compounds (RSH). Low 
molecular weight RS-NO formed by CP/Cu2+may transport 
NO to the protein sulfhydryl, leading to formation of S-nitro- 
sated proteins. S-Nitrosation caused by NO via its autooxida- 
tion is indicated by dashed line. Transnitrosation occurring 
after CP-dependent S-nitrosation appears to be critically 
involved in steady-state formation of various RS-NOs in bio- 
logical systems 

It is intriguing that different efficiencies of 
S-nitrosation and transnitrosation are observed 
among various sulfhydryl-containing proteins. 
This difference is exemplified by much more 
efficient S-nitrosation of human oq-protease 

inhibitor (R1PI) than of albumin. I72'731 Our data 
show that o~lPI can be readily nitrosated by NO, 
not only via its autooxidation involving N20 3 
formation but  also via transnitrosation from low 
molecular weight RS-NO (GS-NO) (Fig. 4). 
Therefore, the efficiency and biological signifi- 
cance of protein S-nitrosation appear to depend 
largely on structural characteristics of the micro- 
environment surrounding the sulfhydryls of 
proteins, which may affect the accessibility of the 
nitrosative agents and the stability of the 
RS-NOs once generated. 

oqPI, also called cq-antitrypsin, is the most 
abundant serine protease inhibitor found in 
human plasma. [74] Its physiological level ranges 
from 30 to 60 ~tM, which increases in the acute 
phase of many disorders including inflamma- 
tory diseases and infections. I75] Because ~IPI is a 
major endogenous inhibitor of neutrophil 
elastase, it is believed to play an important role 
in preventing tissue injury during inflammation. 
Its protease inhibitory activity is, however, read- 
ily reversed by reactive oxygen species (such as 
HOCI and .OH generated under oxidative stress) 
because of oxidation of Met 35 in oqPI to form 
methionine sulfoxide. [761 R1PI (53 kDa) is a glyc- 
oprotein having a single cysteine residue 
(Cys232).[77] Although the biochemical role of the 
single sulfhydryl remains to be clarified, an ear- 
lier report suggested that mixed disulfide forma- 
tion with sulfhydryl-containing compounds 
such as GSH modulates binding to neutrophil 
elastase.[ 78] 

It is also important that S-nitroso-oqPI 
(S-NO-oqPI) exhibited multiple functions 
depending on the biochemical and pharmaco- 
logical actions of NO conferred by S-nitrosa- 
tion. I72'73] For example, S-NO-~IPI not only 
retained original inhibitory activity against a 
series of serine proteases, e.g., neutrophil 
elastase and plasmin, but also gained thiol pro- 
tease inhibitory activity. Of various thiol pro- 
teases targeted by S-NO-R1PI, caspases, which 
are intracellular thiol proteases, are of great 
interest. In particular, caspase-3, a key factor in 
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FIGURE 4 Different efficiencies of S-nitrosation by NO 
(autooxidation) (A) and transnitrosation (B) among various 
sulfhydryl-containing compounds. The sulfhydryl-containing 
proteins aiPI (SH/molecule - 1.0) and human serum albumin 
(HSA; SH/molecule - 1.4) and GSH (10 gM proteinyl SH and 
GSH were used) were incubated with various concentrations 
of P-NONOate (CH3N[N(O)NOI-(CH2)3NH2+CH3; t l /2-  7.6 
min) (A) or GS-NO (B) in chelex-treated 0.1 M potassium 
phosphate buffer (pH 7.4) for 30 min at 37°C. RS-NOs formed 
were quantified by the HPLC-based assay using Hg2+-Griess 
reagent as described in Fig. 1. Data are mean values of dupli- 
cate experiments 

cell apoptosis, was recently reported to be regu- 
lated by NO through S-nitrosation of cysteine at 
the active center of the enzyme. [2°'22'79'8°] Our 
preliminary data indicate that S-NO-oclPI is the 

most potent caspase (apoptosis) inhibitor among 
a number of RS-NOs examined, including 
GS-NO, S-nitroso-N-acetyl penicillamine, and 
S-nitrosoalbumin (unpublished observation). 
S-NO-alPI also showed stronger antibacterial 
activity and a remarkable cytoprotective effect in 
hepatic ischemia-reperfusion injury in rats, [73'811 
compared with other RS-NOs such as GSNO. [82- 
84] In the case of hepatic ischemia-reperfusion 
injury, S-NO-alPI seems to have protective func- 
tions via suppression of neutrophil infiltration, 
antiapoptotic effects, and induction of heme oxy- 
genase-1.[71]These results suggest that not only 
S-nitrosation of o~IPI but also transfer of its 
nitroso moiety into the cells occur more effi- 
ciently compared with other RS-NOs, leading to 
the remarkable biochemical and pharmacologi- 
cal actions of S-NO-o~IPI. 

C O N C L U D I N G  R E M A R K S  

In the past decade, there has been a growing 
awareness of the biological effects of NO in the 
diverse fields of life science research. Improved 
understanding of the chemistry of NO has been 
gained during this time and is accelerating fur- 
ther, changing the cutting edge of NO research. 
From recent evidence, it is apparent that S-nitro- 
sation has profound implications for many 
aspects of NO-related biological phenomena. 
This article briefly reviews the mechanisms of 
S-nitrosation that have been proposed, as well as 
RS-NO assays that have been introduced, which 
were successfully applied to quantification of 
RS-NO generated in biological systems. 
Although the physiological concentrations of 
RS-NO seem to be much lower (in the low 
nanomolar range) than those reported earlier, 
there is a potent catalytic pathway for in vivo 
RS-NO biosynthesis. Cu 2+ or CP-dependent 
S-nitrosation is potentially of great interest, 
because CP is expressed by a wide range of cells 
and tissues and has various beneficial effects in 
preventing oxidative stress. Our ever-increasing 
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understanding of the complex redox reactions of 
NO will provide important clues to revealing the 
mechanisms of the diverse physiological and 
pathophysiological functions of NO. 
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