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1. Introduction 
 
 

Nitrogen is an important compound of biomolecules and found in all living systems. A 

simple nitrogen species in the biological functions is nitric oxide. It is involved in a 

various of physiological functions including signalling and defence. High amounts of 

nitric oxide are toxic. Another toxic, respectively carcinogenic, class of nitrogen-

containing compounds are the nitrosamines. They may be formed in endogenous 

reactions from secondary amines and nitrite under acidic conditions.   

 

1.1. Nitric oxide synthesis and nomenclature. 

 

Nitric oxide (NO•) is a  short-lived simple inorganic diatomic free radical  that plays an 

important role in the homeostatic regulation of the central nervous, immune and 

cardiovascular systems, and is synthesized by the constitutively expressed, calcium-

dependent,  cNO-synthase or endothelial NO-synthase (eNOS), upon stimulation by 

physiological  mediators such as bradykinin (Moncada, et al. 1991; Nathan, 1992). 

These enzymes have been classified as either calcium and calmodulin-dependent 

(cNOS) or independent (iNOS)(Nathan, 1992). All three NOS (EC 1.14.13.39)(Bredt and 

Snyder, 1990; Nathan and Xie, 1994) isoforms have comparable specific activities of 

about 1µmol/min/mg protein at 37°C (Feldman, et al. 1993). Nathan and Xie, (1994) 

have advocated a simplified numerical nomenclature for NOSs.(Table 1). 
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Table 1. NOS nomenclature 

Original designation          Functional designation*     Numerical designation  

nNOS (constitutively expressed)         ncNOS            Type I 

eNOS (constitutively expressed)         ecNOS            Type II 

macNOS (inducible)          iNOS             Type III 

 

* Preferred designation: original nomenclature derives from tissues from which the 

isoform was first purified and cloned: n = neuronal; e = endothelial and mac = 

macrophage. nNOS and eNOS are constitutively expressed in these cells while 

macNOS requires induction with cytokines. The functional designation incorporates the 

role of calcium in the regulation of NOS. nc refers to NOS, first identified in neurons (n) 

whose activity is calcium dependent (c); ec refers to NOS, first identified in endothelium 

(e) whose activity is calcium dependent (c); and i refers to NOS whose ativity is calcium 

independent. The numerical designation (I, II, III) is based on the order in which genes 

were cloned. ( modified from Feelisch and Stamler,1996). 

 

1.2. Nitric oxide; adducts and reactivity. 

In mammalian cells, NOSs catalyze the sequential oxidation of the substrate L-arginine 

to the L-citrulline (figure 1). Many of the physiological actions of NO• are mediated by 

cyclic guanosine monophosphate (cGMP)-dependent pathways through the activation 

of soluble guanylate cyclase (Moncada and Higgs, 1993; Denninger and Marletta, 

1999). Secondary  oxidants derived from NO•, leading to S-nitrosylation and nitration of 

endogenous biomolecules, may also be involved in various physiological and 

pathophysiological phenomena through cGMP-independent pathways (McAndrew, et al.  

1997; Ischiropoulos,1998; Gaston, 1999). 
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   Protein kinase  

              GTP  cGMP    Phosphodiesterases 

L-arginine         NO•    NO+ (RSNO)     Ion Channels 

      NADP+      L-citrulline       NO-       NMDA receptor 

NADPH            Hemoglobin 

   O2             Enzymes 

            -GAPDH 

            -Aromatases 

            -Transglutaminase 

            -Caspases 

             G proteins 

            -p21 ras 

            -RAC1 
            -Cdc 42 
        
 Kinases 
            -ERK 

-JNK 
-P38 

 
Figure 1. Biosynthesis of  NO• and nitrosothiols. NO-derived nitrosative compound can activate an array of target  
proteins either directly by S-nitrosylation or via the formation of intermediate nitrosothiols (RSNO).

NOS 

GC 
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The  NO• molecule, containing nitrogen in the +2 oxidation state, is in the sequence 

of the oxides ranging from -1 to +5; NO2
• (common name nitrous oxide; IUPAC name 

dinitrogen monoxide); NO• ( nitrogen monoxide); N2O3 (dinitrogen trioxide); NO2 and 

its dimer N2O4 (dinitrogen tetroxide); N2O5 (dinitrogen pentaoxide) and   NO- (nitroxyl 

anion). 

The NO• molecule reacts in biological systems with molecular oxygen, the superoxide 

radical anion, or transition metals (Stamler,  1992). The products of these reactions, 

higher nitrogen oxides (NOx), peroxynitrite (OONO-) and metal-nitrosyl adducts (Me-

NO), have both various propensities for both toxicity and biological activity (Stamler,  

1994). NO• generation will lead to a variety of oxidation and reduction products with 

distinct life-times and biological activities. Metal- and thiol-containing regulatory 

proteins are preferential targets of  NO+ and also account for much of the NO• 

associated bioactivity. It is now known that  NO•  is not only responsible for 

endothelium dependent vascular relaxation but that it is also involved in central and 

peripheral neurotransmission and the defence mechanisms of the body as utilized by 

macrophages as well as many other roles (Battino and Clever, 1966; Wilhelm, et al. 

1977; Schmidt and Walter, 1994; Nathan and Xie, 1994) .  

The inflammatory process has been known as a risk factor for human cancer, 

particularly of the lung, bladder, colon, stomach, and female breast. It proposed that 

production of oxygen radicals, release of cytokines, and synthesis of prostaglandins 

and leukotrienes as biochemical modulators of the carcinogenic process. The 

discovery of NO• as a product of cells in the immune system has implicated this 

compound in the mechanism of carcinogenesis, particularly when NO• is 

overproduced over a long period of time. However, the chemical reaction of NO• 
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under physiological conditions and its key reactants toward biological important 

molecules relate to DNA damage and cytotoxicity (Ohshima and Bartsch, 1994). 

NO•, a metabolic product of epithelial, endothelial, neuronal and phagocytic cells is 

produced under conditions associated with inflammation and  NO• might participate in 

carcinogenesis (Laskin, et al. 1994). 

 

1.3. Toxic and mutagenic species generated by NO• 

 

The fate of NO• in biological system is governed by three processes: NO• diffusion, 

transient autooxidation to NO2
•, and reaction with superoxide  (Tannenbaum,  1994). 

Autooxidation of NO• actually leads to formation of  N2O3, a powerful electrophilic 

nitrosating agent (Lewis,  1995). The consequences of N2O3 formation are important 

because subsequent reactions lead to the formation of N-nitroso compounds, 

deamination and crosslinking of DNA (Lewis,  1995).  N2O3 can also inactivate key 

enzymes involved in the protection against oxidative stress (Asahi,  1995) or in DNA 

repair (Wink and Laval, 1994).  

Excess production of  NO•, however, has been implicated as a cause of diverse 

pathophysiological conditions such as inflammation, neurodegenerative and 

cardiovascular dieseases, and cancer. These effects of NO• have been also 

attributed to reactive nitrogen species such as NOx and peroxynitrite (ONOO-). 

Reactive nitrogen species can react with biomolecules such as proteins, DNA, and 

lipids through nitration and nitrosation, thus altering their functions (Ohshima,  1999; 

Ischiropoulos, 1998). 
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1.4. Peroxynitrite 

 
 Peroxynitrite, a strong oxidizing species, either by one-electron acceptance or as 

an oxene donor equivalent to a two-electron acceptor, is produced by the diffusion-

limited reaction of nitric oxide and superoxide anion. Moreover, it decays to nitrate 

with a rate constant of 1.3 s-1 at 25oC upon protonation to peroxynitrous acid (pKa 

6.7), which is a highly reactive compound yielding oxidizing and nitrating species 

(Beckman,  1990; Koppenol,  1992; Beckman, 1996; Kissner, 1997; Koppenol, et al. 

1998; Sies, et al. 2000) (see reaction 1). 

O2
•+ NO•      ONOO-       H+       HOONO              HO• + NO2

•              (1) 

NO imbalance in the endothelium may be used as a sign of vascular diseases such 

as atherosclerosis, hypertension and myocardial ischemia (Noack and Murphy, 1991; 

Sies, 1991). NO• and derived species maintaining vascular tone (e.g., peroxynitrite) 

are cytotoxic to bacteria (Zhu,  1992). Macrophages and neutrophils produce a 

substantial amount of both nitric oxide and superoxide, which rapidly form 

peroxynitrite (Ischiropoulos, 1992). Moreover, such excessive production can 

damage normal tissue through the formation of 3-nitrotyrosine in proteins (Ohshima,  

1990), an index of reactive nitrogen species, which is often increased under 

pathological condition such as inflammation and in different immunological process 

(Moncada,  1997; Nathan, 1997; Stuehr, 1997; Geller and Billiar,1998; Ischiropoulos, 

1998; Marletta,  1998; Moncada, 1998).  

Since peroxynitrite can be formed in biological systems, its reactivity with cellular 

constituents has been investigated, and many destructive reactions with 

macromolecules such as DNA (Epe,  1996), lipids (Heinecke, 1997), or proteins 

(Ischiropoulos and Al-Mehdi, 1995) have been reported (for review see, Beckman 
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and Koppenol, 1996; Murphy,  1998). Typical reactions of proteins include thiol 

oxidation (Crow,  1995) or tyrosine nitrations (Crow,  1997) which have been 

observed under pathological conditions such as chronic rejection of transplanted 

organs (MacMillan-Crow,  1996) or neurodegenerative diseases (Beckman and 

Koppenol, 1996) and induce apoptosis through impairment of microtubule formation 

in cells (Eiserich, 1999). 

 

1.5. N-Nitrosodiethanolamine 

 

Carcinogenic nitrosamines have been reported to be formed by NO•, which is 

produced by inducible NO• synthase expressed in cultured cells, including 

macrophages, hepatocytes, and neutrophils, upon stimulation by lipopolysaccharide 

and α-interferon (Iyengar,  1987; Miwa,  1987; Kosaka,  1989; Liu,  1992; Grisham, 

1992 ; Ohshima,  1991). NO• and reactive oxygen species produced in infected and 

/or inflamed tissues could contribute to the process of carcinogenesis by several 

mechanisms, including the formation of carcinogenic nitrosamines from NO• 

(Ohshima and Bartsch, 1994; Liu and Hotchkiss, 1995; Tamir and Tannenbaum, 

1996). 

N-Nitrosodiethanolamine (see N-DEA structure) , is a potent liver carcinogen in 

experimental animals and is one of the most prevalent and abundant environmental 

occurring nitrosamines (Preussmann,  1982; Lijinsky,  1980).  
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It can be readily formed by the nitrosation of ubiquitous compounds such as di-or 

triethanolamine and their derivatives. N-DEA is a common trace contaminant in 

cosmetics, personal care items, tobacco products, metal working fluids, and 

pesticides (Fan, 1977a; Fan, 1977b; Chou and Havery, 1994). 

Nitrosamines are known to require metabolic activation via the hydroxylation at the α-

C-atom to exert their carcinogenic effect (Loeppky, 1999; Yang, 1990). The α-

hydroxylation is mediated by cytochrome P450-dependent enzymes (Yang, 1990) 

and there is evidence that the carcinogenic activation of N-DEA also involves α-

hydroxylation. But the first activation step involve the oxidation of the 2-hydroxyethyl 

group of N-DEA (1) to an aldehyde, N-(2-hydroxyethyl)-N-nitrosoethanal (NHEE, 2), 

which is mediated by mammalian liver alcohol dehydrogenase (ADH) (see figure 2). 

NHEE preferentially occurs as the more stable hemiacetal N-nitroso-2-hydroxy-

morpholine (NHMOR, 3), further oxidation leads to the formation of N-(2-

hydroxyethyl)-N-nitrosoglycine (NHEG, 4)(Airoldi, et al.1983; Airoldi, 1984). The  N-

nitrosaminoaldehydes are highly reactive compounds possessing the ability of  

transferring their nitroso groups to other amines, namely, transnitrosation (Airoldi, et 

al.1984; Loeppky, et al. 1987) resulting in nitrosamine formation from secondary 

amines and diazonium ion formation (see figure 2). Chung and Hecht, (1985) showed 

that deoxyguanosine reacts with NHMOR to form an 1,N2-glyoxal-deoxyguanosine 

adduct (gG). Moreover, NHMOR could deaminate the primary amino group in DNA, 

which would change base-pairing characteristics and cause crititical damage in DNA 

(Loeppky,   1987; 1993; 1999; Ngyuyen, et al.1992). 
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Figure 2. Nitrosamine activation scheme and the glyoxal-deoxyguanosine adduct 

formation.  
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1.6. S-Nitrosothiols 

 
S-Nitrosothiols (RSNOs) were first synthesized in 1909 by Tasker and Jones. In 

1974, Incze and co-workers showed that these compounds exert biological activity, 

e.g. antibacterial effects (Incze,  1974). The first studies in mammalian systems were 

performed in the early 1980s by Ignarro and co-workers, who demonstrated that 

RSNOs possess smooth muscle relaxant properties and inhibit of platelet 

aggregation (Ignarro,  1980). RSNOs were shown to be endogenous products in 

mammalian systems and identified in human and rabbit plasma (Stamler, 1992). 

RSNOs have also been found in human airway lining fluid (Gaston, 1993), and 

intracellularly in neutrophils (Abramson, 1993). It has become increasingly clear that 

RSNO derivatives of amino acids, peptides and proteins are natural products of the 

NO•  metabolism, e.g. S-nitrosoglutathione. 

 

1.7. Properties and biochemical mechanism of action 

 

The stability of RSNOs under physiological conditions varies as a function of the 

substituent of the thiol group (RSH) , pH, oxygen tension, redox state or the presence 

or absence of transition metals (Gaston,  1993; 1994; Mathews and Kerr, 1993; 

Radomeski,  1993; McAninly,  1993; Ignarro,  1981). 

In view of their reactivity, RSNOs have been used as effective nitrosating agents in 

organic synthesis. Their nitrosating activity have important implications for biological 

systems, where nucleophils may increase RSNO decomposition through heterolytic 

mechanisms (Stamler,  1992). Such RSNO decomposition may predominate in many 

biological activities (Stamler,  1992; 1995).  
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S-Nitrosothiol-thiol exchange (i.e NO+) transfer reactions, referred to as 

transnitrosation reactions (Feelisch, 1991), have been involved in the inhibition of 

glutamate-induced neurotoxicity (Lipton,  1993), the antimicrobial effects of various 

RSNOs compounds (Morris,  1984), and the inhibition of several sulfhydryl containing 

enzymes (Stamler,1995), and the mechanism of protein RSNOs activation  in vivo 

(Stamler, 1997; Scharfstein,  1993). 

 

1.8. Physiological RSNOs and their roles 

 
The formation of RSNO has now been shown to occur in in vivo for an array of 

proteins (Butler, 1995; Lander, 1997). RSNOs like S-nitrosoalbumin, S-

nitrosoglutathione (GSNO) and S-nitrosocysteine (CysNO) have been detected and 

quantified in vivo (Kluge, 1997) .  

Moreover, GSNO and other RSNOs may inhibit enzymes associated with response to 

oxidative stress in eukaryotic cells, including glutathione peroxidase (Asahi, et 

al.1995; Fujii, et al. 1997), glutathione disulfide reductase (Becker,  1995) and γ–

glutamyl cysteine synthase (Han, 1996). 

 

1.9. Microsomal glutathione S-transferases 

 

Glutathione S-transferases (GST, E.C. 2.5.1.18) comprise a group of  phase II 

detoxication enzymes that occur abundantly in eukaryotic cells and also in 

prokaryotic organisms (Sies and Ketterer, 1988; Armstrong, 1997). These enzymes 

are a major defense systems against carcinogenic, mutagenic, toxic, and 

pharmacologically active electrophilic compounds (Chasseaud, 1979). These 

enzymes also mediate the protection against carcinogenic substances in our diet 
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(Hayes and Pulford, 1995). On the other hand, glutathione S-transferases have also 

been suggested to protect tumors from chemotherapy (Tew, 1994). Attesting to the 

importance of this enzyme system is the presence of many cytosolic isoenzymes in 

several related families (Mannervik and Widersten, 1995) as well as structurally and 

phylogenetically distinct membrane-bound glutathione S-transferases. Microsomal 

glutathione S-transferase 1 (mGST1) (Andersson,  1994) is a homotrimeric 

membrane protein (17.3 kDa) that also forms part of the so-called membrane-

associated proteins in eicosanoid and glutathione metabolism superfamilly. This 

superfamily contains structurally and phylogenetically related enzymes involved in 

detoxication, protection from oxidative stress, and synthesis of prostaglandin E and 

cysteinyl leukotrienes (Jakobsson,  1999a,b). 

Microsomal glutathione S-transferase 1 displays a unique ability to be activated (up 

to 15-fold) by sulfhydryl reagents such as N-ethylmaleimide (NEM), redox events, 

and proteolysis (Morgenstern, et al. 1979; 1987; 1989). The activated enzyme 

displays an increased catalytic efficiency at low glutathione concentration that occur 

during toxic insult (Andersson,  1995).  Microsomal glutathione S-transferase 1 

contains a single cysteine residue per subunit (DeJong,  1988; Morgenstern,  1985). 

This sulfhydryl, Cys49, resides on the cytoplasmic side of the endoplasmic reticulum 

and was demonstrated as the site of activation, since mutation to alanine prevented 

activation of the enzyme by NEM (Weinander,  1997). 
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1.10. Homocysteine 

 
Homocysteine  was discovered by duVigneaud (1952). Plasma total 

homocysteine, homocyst(e)ine, is the sum of the thiol containing amino acid, 

homocysteine and the homocysteinyl moiety of the disulfides homocystine and 

cysteine-homocysteine, whether free or bound to protein (Mudd and Lew, 1995). The 

concentration of homocyst(e)ine in blood, plasma, or serum is normally ≤ 16 µM 

(Malinow,  1989). In hyperhomocyst(e)inemia, the concentration of homocyst(e)ine is 

above normal: moderate, intermediate, and severe hyperhomocyst(e)inemias refer to 

plasma concentrations between 16 and 30, 31 and 100, and ≥ 100 µM, respectively 

(Kang,  1992).  

An association between elevated plasma homocyst(e)ine concentration and 

atherosclerotic vascular disease has been observed in a number of epidemiological 

studies (McCully, 1969; Boushey,  1995). Hyperhomocyst(e)inemia may be caused 

by either genetic (defect of enzymes involved in the metabolism of methionine, 

mostly cystathionine ß-synthase or methylenetetrahydrofolate reductase ) (Mudd and 

Levy, 1989; Kang,  1991) or dietary factors and occurs in up to 30% of patients with 

stroke, peripheral vascular disease or myocardial infarction (Boushey,   1995; 

Malinow, 1994). Subclinical deficiencies of folic acid, vitamin B-6 or B-12 elevate 

plasma homocyst(e)ine to levels associated with vascular disease (Selhub,  1993; 

Robinson,  1995; Selhub, 1996; Ubbink,  1996; Morrison,  1996). Supplementation of 

the diet with B vitamins is effective in lowering plasma homocyst(e)ine concentration 

(Ubbink,  1994). 

 
Homocysteine can be viewed as an independent risk factor for atherosclerosis and 

is believed to exert its effects through a mechanism involving oxidative damage (Wall,  

1980; Starkbaum and Harlan, 1986). Auto-oxidation of homocysteine in plasma 
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leading to the formation homocysteine-mixed disulfides, homocystine and oxygen-

derived molecules, such as superoxide anion radical and hydrogen peroxide or 

hydroxyl radical are believed to account for the endothelial cytotoxicity (Mansoor, 

1995). These reactive oxygen species generated during oxidation of homocysteine 

initiate lipid peroxidation (Heinecke,1987; Heinecke, 1988 ). 

The antioxidant enzyme family, glutathione peroxidases, catalyse the reduction of 

both hydrogen peroxide and lipid hydroperoxides to their corresponding alcohols in a 

reaction mechanism that involves the oxidation glutathione (Flohe, 1988; Freedman,  

1996). Homocysteine inhibits glutathione peroxidase activity in vitro. This effect 

occurs at concentrations of homocysteine that are pathophysiologically relevant 

(Upchurch,  1995). 

The vasodilatory properties of the normal endothelial cell also altered by 

homocyst(e)ine, specifically with respect to endothelial nitric oxide (NO) production. 

Stamler and co-workers have shown that normal endothelial cells detoxify 

homocysteine by releasing NO or a related S-nitrosothiol which in turn leads to the 

formation of S-nitrosohomocysteine (Stamler,  1993). Endothelial cells respond to 

homocysteine by increasing their production of RSNOs, including S-

nitrosohomocysteine which is formed under physiological conditions (Stamler,  1993). 

S-Nitrosation of homocysteine attenuates its pathogenicity by inhibiting sulfhydryl-

dependent generation of H2O2. As other S-nitrosothiols, S-nitrosohomocysteine is a 

potent vasodilator, platelet agregation inhibitor and exhibits cytoprotective effects 

(Lipton, et al. 1993; Stamler,  1993). 
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1.11. Objective 

Tissue injury in several human diseases is partly due to the formation of reactive 

oxygen and nitrogen species by activated cells. Recently, however, there has been 

considerable interest in the possible toxicity of nitrosothiols, the product of the 

reaction of NO• and ONOO- and protein thiols and / or free thiols. 

NO• is a physiological mediator, produced in a wide variety of cells by NOSs 

(Stuehr, 1999), which is responsible for oxidative injury to host cells and tissues, in 

addition to its role in protecting the organism from external viruses and bacteria. NO•, 

the product of the NOSs and  RSNO may react with O2 and O2
•- at relatively high 

rates with the subsequent formation of oxidants such as N2O3 and ONOO- (Patel,  

1999). These oxidants bring about nitrosative stress (Hausladen,  1996), which is a 

form of oxidative stress associated with a change in the redox environment. 

Nitrosation of DNA bases, which results in oxidative deamination, is known to cause 

mutagenesis, as result of endogenous formation of N-nitroso compounds (Miwa,  

1987; Lewis,  1995a) generated in cell culture (Lewis,  1995b), experimental animals 

(Leaf,  1991), and in humans (Leaf,  1990). S-Nitrosation of heme iron is involved in 

the inactivation of mitochondrial respiratory enzymes (Cleeter, 1994; Heales,  1999), 

leading to energy depletion. Nitration of tyrosine residue in Cu,Zn-superoxide 

dismutase (Ischiropoulos,  1992) lowers the ability of the enzyme to scavenge 

superoxide anion. It  proposed that S-nitrosation of the ß-subunit of hemoglobin might 

influence the regulation of blood pressure (Jia,  1996; Stamler,  1997). It is suggested 

that these type of modifications, mediated by NO•, might be involved in the regulation 

of biological functions, which repesent the results of NO-induced oxidative injury. 

Thiols are anti-oxidant molecules that play a major role in protecting cells from NO-

induced oxidative injury (Padgett and Whorton, 1997; Clementi,  1998; Sies, 1999). 

GSH reacts with NO• to form S-nitrosoglutathione in the presence of an electron 
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acceptor (Gow,  1997). GSH levels in cells exposed to NO• decrease markedly 

(Clancy,  1994). GSNO is somewhat stable in pure aqueous solution in the dark 

(Mathews and Kerr,1993), but it is too unstable under biological conditions. This 

instability is due to that GSNO is degraded by Cu+ (Gorren,  1996; Singh,  1996a,b), 

superoxide (Aleryani,  1998; Trujillo,  1998), γ-Glutamyltranspeptidase (Kashiba,  

1999) and the  thioredoxin/thioredoxin reductase system (Nikitovic and Holmgren, 

1996). It is known that glutathione S-transferases are inhibited  by GSNO.  

The aim of the present study was to examine : 

(1) The formation of N-nitrosodiethanolamine in vitro upon the reaction of S-nitroso 

compounds and peroxynitrite with diethanolamine. 

(2) The stability of S-nitrosothiols in the presence of  thiol containing compounds in 

aqueous solutions and human serum. 

(3) Isolation and characterisation of pig kidney microsomal glutathione S-transferase 1.  

(4) The inhibitory effect of S-nitrosothiols and peroxynitrite towards the pig kidney 

microsomal glutathione S-transferase 1 and rat cytosolic glutathione S-

transferases. 
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2. Materials and Methods 

2. 1. Chemicals 

Sodium nitrite, 1-chloro-2,4-dinitrobenzene (CDNB) and N-acetyl-L-cysteine were 

purchased from Merck (Darmstadt, Germany). DL-Homocysteine, L-cysteine, 

cysteinylglycine, glutathione, sulfanilamide, N-(1-naphthyl)-ethylenediamine, 

bathocuproine disulfonic acid, N-ethylmaleimide and glyceraldehyde-3-phosphate 

dehydrogenase were from Sigma (Deisenhofen, Germany). Monoclonal anti-

nitrotyrosine antibodies were from Biomol (Hamburg Germany). Diethanolamine was 

from Aldrich-Sigma (Deisenhofen, Germany). Triton X-100 was from Fluka ( Buchs, 

Switzerland). CM-Sepharose, Sephadex G-25, and G-100 were from Pharmacia 

(Uppsala, Sweden). Hydroxyapatite was from Bio-Rad laboratories (Richmond,CA). 

Immobilon (PVDF)-membrane was from (Millipore, Bedford, USA). Western blot 

alkaline phosphatase system was from Promega (Madison, WI) 

 

2. 2. Methods 

N-Nitrosodiethanolamine was synthesized from diethanolamine according to 

Preussmann, 1962. The compound was characterized by UV-spectroscopy and 

mass-spectrometry; purity was checked by HPLC. 

2.2.1. Synthesis of peroxynitrite 

 Peroxynitrite was prepared by the reaction of acidified H2O2 with sodium nitrite 

using a quenched-flow reactor (Koppenol et al. 1996) and treated with manganese 

dioxide (1 mg/ml, 30 min at 4°C) to eliminate excess H2O2. Manganese dioxide was 

removed by centrifugation (for 10 min at 4°C and 15,000 g) and filtration (0.45 µm; 

Millipore). The final concentration was determined spectrophotometrically at 302 nm 

in 0.15 M NaOH (∈302 = 1,670 M−1 cm−1). The solution of peroxynitrite was stored at 

−80°C until use. 
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2.2.2. Synthesis of S-nitrosothiols  

S-Nitrosocysteine, S-nitrosohomocysteine, S-nitrosocysteinylglycine, S-

nitrosoglutathione, and S-nitroso-N-acetylcysteine were synthesized according to 

Mathews and Kerr, (1993). S-Nitrosothiols were prepared by combining 20 mM thiol 

in 0.1 N HCl and 20 mM sodium nitrite. After 5 min the mixture was neutralized with 1 

M Tris (pH 7.0). The concentrations of the nitrosothiols were determined by 

measuring the absorbance at 330 nm (see Table 2 and Figure 3) . Purity was checked 

by means of HPLC with UV-Vis detection (236 nm) and was more than 95%.  

 

 

 

 

                                                                                         

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Structures of S-nitrosothiols. S-Nitrosocysteine (CysNO), S-nitroso-N-

acetylcysteine (NACysNO), S-nitrosoglutathione(GSNO), S-nitrosohomocysteine (HCysNO), 

S-nitrosocysteinylglycine (CGNO).  

CysNO: NACysNO: 

GSNO: 

HCysNO: CGNO: 
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Table 2 : Extinction coefficients of synthetic S-nitrosothiols at 330 nm. 

 Compound Abbreviation  ∈ (M-1 cm-1)* 

 S-Nitrosocysteine CysNO  594 

 S-Nitrosohomocysteine HCysNO  915 

 S-Nitrosocysteinylglycine CGNO  800 

 S-Nitrosoglutathione GSNO  767 

 S-Nitroso-N-acetylcysteine NACysNO  727 

*: Mathews and Kerr, (1993) . 

 

2.2.3. Incubation of diethanolamine with S-nitrosothiols and peroxynitrite 

The reactions of nitrosothiols or peroxynitrite with diethanolamine were carried out 

in 3.5 ml 10 mM phosphate buffer pH 7.0, in a glass tube under stirring at 37°C. The 

reaction mixtures contained 1.25 mM nitrosothiol (control), 1.25 mM nitrosothiol plus 

1.25 mM diethanolamine, or 1.25 mM nitrosothiol plus 2.5 mM diethanolamine.  

In an additional set of experiments S-nitrosohomocysteine (1.25 mM) was incubated 

with 1.25 mM and 2.5 mM diethanolamine in the presence of cysteine (1 mM) under 

the same conditions. 

Peroxynitrite at final concentrations of 1 or 2 mM was incubated with 1 mM 

diethanolamine in 10 mM phosphate buffer pH 7.0 at 37°C. Stock solution of 100 mM 

peroxynitrite was used. The pH was 7.4 after addition of peroxynitrite. 

 

2.2.4. Analysis of N-nitrosodiethanolamine and S-nitrosothiols 

Aliquots (20 µl) of the reaction mixtures were taken at various time points and 

analyzed for N-nitrosodiethanolamine and S-nitrosothiol content by means of HPLC 

with a Merck-Hitachi HPLC system (pump 655A-12, UV-Vis-detector L-4200, 

Chromato-Integrator D2500; Merck, Darmstadt, Germany). For separation a reversed 

phase C-30 column 4.6 x 250 mm (YMC-carotenoid, YMC Ltd., Japan) was used 
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applying a flow rate of 1 ml/min; detection wavelength was 236 nm. N-

Nitrosodiethanolamine and S-nitrosothiols were quantified according to the external 

standard method.  

Various mobile phases were applied for the separation of N-nitrosodiethanolamine 

and S-nitrosothiols in different incubation mixtures. Separation of N-

nitrosodiethanolamine and S-nitrosocysteine: 10 mM phosphate buffer pH 7.0; or S-

nitrosocysteinylglycine: 10 mM phosphate buffer pH 2.5, 0.05% trifluoro-acetic acid, 

6% methanol; or S-nitrosohomocysteine: 10 mM phosphate buffer pH 3.0, 0.1% 

trifluoro-acetic acid; or S-nitrosoglutathione: 10 mM phosphate buffer pH 2.5, 0.1% 

trifluoro-acetic acid, 6% methanol; or S-nitroso-N-acetylcysteine: 10 mM phosphate 

buffer pH 7.0, 6% methanol. 

 

2. 2.5. Nitrite and nitrate analysis 

Aliquots of the incubation mixtures were withdrawn at various time points and 

analyzed for nitrite and nitrate concentration according to Marzinzig et al. (1997).  

 

2.2.6. Preparation and treatment of human serum with S-nitrosocysteine  

Human serum was obtained from a healthy volunteer. Blood was collected by 

venipuncture. Serum was collected after centrifugation of the blood at 1,000 x g for 

10 min. Serum was used immediately. 

 

2.2.7. S-Nitrosothiol stability 

S-Nitrosocysteine (10 µM) was added to 1 ml of human serum or 1 ml 10 mM 

phosphate buffer pH 7.0. Both mixtures contained 100 µM cysteine, and/or 1.4 mg/ml 

BSA and various concentrations of homocysteine (0, 10, 20 and 50 µM) and were 

incubated at 37°C. Aliquots of the incubation mixtures were withdrawn at various time 
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points and analyzed for S-nitrosothiols by HPLC. Samples were filtrated and 50 µl 

was injected onto a reversed phase C-30 column 4.6 x 250 mm (5 µm, YMC-

carotenoid, YMC Ltd., Japan), the flow rate was 1 ml/min. The mobile phase was 10 

mM phosphate buffer pH 2.5, 0.01 TFA; detection wavelength was 336 nm. S-

Nitrosothiols were quantified according to the external standard method.  

 

2.2.8. Transnitrosation between S-nitrosocysteine and homocysteine  

All transnitrosation reactions were performed in 10 mM phosphate buffer pH 7.0 at 

37°C . Either CysNO (100 µM) was mixed with homocysteine (100 µM) or HCysNO 

(100 µM) was mixed with cysteine (100 µM) for a various periods of times. At the 

indicated time points, aliquots were removed and immediately analysed by HPLC.  

 

2.2.9. Preparation of microsomes from pig kidney. 

Pig kidney was obtained from a local slaughter house and immediately placed in 

ice-cold 0.25 M sucrose containing 1 mM glutathione , 0.1 mM EDTA, 10 mM 

phosphate buffer, pH 7.0. The pig kidney cortex (100-200 g) was sliced into small 

pieces, and washed with 0.25 M sucrose,10 mM triethanolamine, pH 7.0 (buffer A), at 

4°C, to obtain blood free tissue. The tissue was diluted 1 to 10 (w/v) in buffer A , 

minced and homogenized with a polytron tissue homogenizer and 10 times more 

homogenization with a teflon-glass  homogenizer. The homogenate was centrifuged 

at 9,000 x g for 30 min at 4°C;  the supernatant was further centrifuged at 105,000 x 

g for 40 min. The resultant supernatant  was discarded and the remaining microsmal 

pellet was suspended in 0.1 M Tris-HCl buffer pH 7.2 and washed three times with 

the same buffer and centrifuged at 105,000 x g (40 min each). Then the microsomes 

were suspended in 0.25 M sucrose, 10 mM phosphate buffer pH 7.0, and stored at –

80°C until use. 
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2.2.10. Glutathione S-transferase assays. 

Glutathione S-transferase activity was measured according to Habig et al.1974, 

spectrophotometrically at 336 nm in a reaction system at 37°C, containing 1 mM 

glutathione or 5 mM N-acetyl-L-cysteine and 1 mM CDNB, 0.1 M phosphate buffer 

pH 7.0 and 0.1% Triton X-100.  GSH conjugation activity of GST with CDNB and 

GSH or  Nacys as substrate was determined. One unit of enzyme activity was 

defined as that conjugating 1  µmol CDNB/min at 37°C. 

 

2.2.11. Microsomal glutathione S-transferase activation. 

Activation of the microsomal glutathione S-transfrase by N-ethylmaleimide was 

performed as described (Morgenstern and DePierre,1982). Microsomes (1 mg/ml 

protein) were incubated  with 2 mM NEM at room temperature for 5 min, the reaction 

was stopped by adding 2 mM GSH. 

 

2.2.12. SDS-polyacrylamide gel electrophoresis. 

SDS-polyacrylamide gel electrophoresis in discontinuous slab gels was performed 

according to the method of Laemmli (1970). The SDS concentration was 0.1% (w/v) 

and the spacer and the separating gels contained 3% and 15% (w/v) acrylamide, 

respectively. The protein samples were dissolved in 125 mM Tris-HCl buffer pH 6.8 

containing 4% (w/v) SDS; 20% (w/v) glycerol; 10% (w/v) ß-mercaptoethanol and 0.02 

% (w/v) bromophenol blue, mixed and boiled for 5 min. The samples and protein 

standards were loaded onto the gel. The gel was initially electrophoresed at room 

temperature with a constant voltage of 85 volts until the dye passed 3% stacking gel, 

then the voltage was raised to 150 volt.  
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2.2.13. Silver nitrate staining. 

After electrophoresis the protein was visualised by silver staining according to 

Oakley, et al. (1980).The gel was fixed in 30% isopropanol and 10% acetic acid for 1 

hr, then it was incubated in 30% isopropanol and 0.5 M sodium acetate for 1 hr, then 

the gel was washed three times (30 min each) with water. The gel was incubated in 

0.1 % silver nitrate, 0.01 % formaldehyde for 1 hr and then it was  washed shortly 

with water. The colour was developed with 2.5% sodium carbonate and 0.01% 

formaldehyde and reaction was stopped with 0.05% EDTA and then the gel was 

once washed with water. 

 

2.2.14. Immunoblot analysis 

Proteins were electrophoretically transferred from polyacrylamide gels onto 

nitrocellulose membrane (Multiphor Nova Pharmacia Transblot System) according to 

the method of Kyhse-Andersen (1984) or to PVDF-membrane according to 

Matsudaira (1987). The gel was equilibrated in 25 mM Tris; 0.2 M glycine; 20% 

methanol; pH 8.9 before electroplotting. Electroplotting was run for 1 hr at 60-100 mA 

(0.8 mA/cm2 for 1-2 hr)(see figure 4). 

            

      -      

        2-3x blotting paper  

        gel  

membrane   

 2-3x blotting paper   

+    

Figure 4. Scheme of the Western blotting technique. 
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After transfer, the nitrocellulose membrane was rinsed with TBST (TBS; 20 mM Tris, 

137 mM NaCl, pH 7.6) containing 0.1% (v/v) Tween 20. Non-specific binding was 

blocked by placing the membrane in TBST supplemented with 5% (w/v) milk powder 

1-3 hr at room temperature. The membrane was incubated with primary antiserum at 

optimum dilution 1:500 to 1:1000 in blocking buffer overnight at 4°C. The membrane 

was washed three times in TBST (10 min each) and then incubated for 1 hr at room 

temperature, with gentle shaking, in the same buffer containing alkaline 

phosphatase-conjugated antibody diluted 1:1000 to 1:5000. After treatment with 

alkaline phosphatase-conjugated antibody, the membrane was washed three times in 

TBST (5-10 min each) and twice in TBS, then immersed in development solution (10 

ml TBS containing 66 µl nitrobluetetrazolium (50 mg/ml) and 33 µl 4-chloro-3-

indolylphosphate (50 mg/ml). The blot was then washed once with distilled water, air-

dried and photographed. 

 

2.2.15. N-Terminal amino acid sequence. 

The isolated pig kidney and liver microsomal glutathione S-transferase (50µg) was 

loaded onto SDS-gel electrophoresis and  transfered to PVDF-membrane according 

to Matsudaira, (1987). PVDF-membrane was soaked in methanol and transfer buffer 

for 1 and 5 min, respectively. 

2.2.15.1 Transfer-Buffer 

 10 mM 3-Cyclohexylamino-1-propanesulfonic acid (CAPS), pH 11.0 containing 10% 

(v/v) methanol to transfer the protein from the gel to membrane was used. For the 

transfer constant current (1 mA/cm2 PVDF-membrane) was applied for 30 min (see 

2.14). 
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2.2.15.2 PVDF-membrane staining: 

 PVDF-membrane was stained with coomasie blue R250, according to Batteiger, 

(1982). 

Staining solution: 0.1% Coomassie blue R250; 25% methanol; 5% acetic acid. 

Destaining solution: 25% methanol; 5% acetic acid. 

The PVDF-membrane was soaked for 5 min in staining solution and then destained 

several times with destaining solution. The membrane was dried with a filter paper 

and stored at –20°C until use.  

 

2.2.15.3 Amino acid sequence 

 The protein band was cut from the stained PVDF and subjected to automated 

Edman degradation using an Applied Biosystems model pulsed liquid sequencer, 

model 473A.  

  

2.2.16. Protein determination. 

2.2.16.1. According to Lowry 

Protein concentration in microsomes was determined according to Lowry et al. 

(1951). 

 Solution A: 2% Na2CO3 . 10 H2O in 0.1 NaOH. 

 Solution B: 0.5% Cu SO4 . 5 H2O and 1% Na3-citrate. 

 Solution C: 25 ml “A” and 0.5 ml “B”  (prepared always fresh). 

BSA: 0.1 mg/ml (stock solution) 

Folin- Phenol reagent 1:1 in H2O diluted. 

The BSA – standards contain 25, 50, 75 and 100 µl BSA stock solution and 100 µl 

H2O as a blank. The samples and standards were completed to 100 µl final volume 

with H2O and mixed with 1 ml solution “C”. After 10 min, 100 µl Folin reagent was 
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added and mixed immediately and incubate for 30 min at room temperature and then 

measured at 750 nm against a blank. 

 

2.2.16.2. According to Bensadoun and Weinstein. 

The protein treated with Triton X-100 was measured according to Bensadoun and 

Weinstein, (1976). 

 Solution A: 2% Na2CO3 . 10 H2O in 0.1 NaOH. 

 Solution B: 0.5% Cu SO4 . 5 H2O and 1% Na-citrate. 

 Solution C: 25 ml “A” and 1 ml “B” (prepared always fresh). 

BSA-Standard: 0.1 mg/ml (stock solution). 

10% TCA 

2% Na-deoxycholate. 

Folin-Phenol reagent 1:1 in H2O diluted. 

The BSA – standards contain 50, 100, 150 and 200 µl BSA stock solution and 750 µl 

H2O as a blank. The samples and standard were completed to 750 µl final volume 

with H2O. 7 µl Na-deoxycholate was added, mixed and incubated for 15 min at room 

temperature,  0.6 ml TCA was added and incubated for 30 min at 4°C and then 

centrifuged at 10,000 xg for 5 min . One ml solution “C” was added to the pellets and 

vortex-mixed immediately. After 10 min, 100 µl Folin reagent was added and mixed 

immediately and incubate for 30 min at room temperature and then measured at 750 

nm against a blank. 

 

2.2.17. Purification of microsomal glutathione S-transferase. 

Pig kidney microsomal glutathione S-transferase was purified by the method of 

Mogenstern, et al. (1982). The microsomes (100-200 mg) were solubilized by adding 

dropwise 15% Triton X-100 solution, followed by stirring for an additional 30 min on 
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ice. The solubilized microsomal sample was applied to a hydroxyapatite column (1.6 

x 10 cm) equilibrated with 0.01 M potassium phosphate buffer pH 7.0, containing 0.1 

mM EDTA, 20% glycerol, 1% Triton X-100, and 1 mM GSH (buffer A). The sample 

was eluted with a linear gradient of 0.01-0.3 M phosphate buffer pH 7.0 , 0.1 mM 

EDTA, 20% glycerol, 1% Triton X-100, and 1 mM GSH. 

Two fractions exhibiting glutathione S-transferase ac tivity were obtained on 

hydroxyapatite column chromatography and were further purified as follows: after 

exchange of the buffer through a sephadex G-25 column (2.6 x 60 cm),  fraction I 

was chromatographed on S-hexylglutathione affinity chromatography column and 

eluted with 0.2 M NaCl, 20 mM GSH in 50 mM Tris buffer pH 9.6. The fractions 

exhibiting glutathione S-transferase activity were frozen at –80°C until use. Fraction II 

was applied to a CM-Sepharose column (1.6 x 13 cm), after desalting on a sephadex 

G-25 column and eluted with a linear gradient of 0.0-0.2 M KCl in buffer A. The 

fractions exhibiting glutathione S-transferase activity were frozen at –80°C until use.  

 

2.2.18. Influence of S-nitrosothiols and peroxynitrite on glutathione S-

transferase activity 

In order to study the influence of S-nitrosothiols (i.e. CysNO, HCysNO) and 

peroxynitrite on glutathione S-transferase activity, the following procedure was used. 

Glutathione S-transferase (2 Units)  was pre-incubated for 10 min at 25°C with 

different concentration of S-nitrosothiols and peroxynitrite. At the end of exposure, 

aliquots of the pre-incubated protein were taken  and glutathione S-transferase 

activity was determined. Control was run without S-nitrosothiols and peroxynitrite.  
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3. Results 

 

3.1. HPLC analysis of S-nitrosothiols and N-nitrosodiethanolamine 

In separate experiments five different S-nitrosothiols, including S-nitrosocysteine, 

S-nitrosoglutathione,  S-nitrosohomocysteine, S-nitrosocysteinylglycine and S-

nitroso-N-acetylcysteine or peroxynitrite were incubated with diethanolamine. The 

decomposition of S-nitroso compounds and the formation of N-nitrosodiethanolamine 

generated via sulfur-to-nitrogen transnitrosation was followed by HPLC. Typical 

chromatograms obtained from an incubation mixture of S-nitrosocysteine and 

diethanolamine at different time points are shown in figure 5A. Figure 5B shows 

typical chromatograms obtained from incubation mixtures containing either S-

nitrosocysteinylglycine,  S-nitrosohomocysteine, S-nitrosoglutathione or S-nitroso-N-

acetylcysteine  together with diethanolamine. The retention times are assigned in the 

chromatograms and are identical to those observed with reference compounds. The 

compounds of interest are baseline-separated and are assigned in the 

chromatograms. The signal at a retention time of 2.8 min originates from the sample 

solvent front and from cystine which was formed during incubation (figure 5A); no 

free thiols were detectable in the mixtures using Ellman´s reagent. The formation of 

disulfides upon decomposition of S-nitrosothiols has been described in the literature 

as a major reaction pathway (Barnett et al, 1994).  

N-Nitrosodiethanolamine was identified by comparison of retention times with the 

synthetic reference compound and by UV spectroscopy. The peak assigned to N-

nitrosodiethanolamine was isolated and further characterized by mass spectrometry. 

The mass spectrum obtained from the isolated fraction was identical with the 

spectrum of a synthetic reference compound (MH+ at m/z 135) and exhibited a 

similar fragmentation pattern. Characteristic fragments were observed at m/z 117 
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(parent ion - H2O), m/z 104 (parent ion – NO) and m/z 74 (parent ion – NO – OH-

CH2). 

 

3. 2. Transnitrosation from S-nitrosocysteine to diethanolamine 

The transnitrosation from S-nitrosothiols to diethanolamine yielding N-

nitrosodiethanolamine was investigated at pH 7.0 in 10 mM phosphate buffer at 

37°C. The concentration of the added S-nitroso compounds was 1.25 mM in all 

experiments; diethanolamine was added at 1.25 mM or at 2.5 mM.  

Without any diethanolamine present in the mixture (control), S-nitrosocysteine 

decomposed spontaneously with a half-life of about 35 min (figure 6A); after 60 min 

of incubation the concentration of the parent compound had decreased to 0.36 mM. 

When diethanolamine (1.25 mM) was present (figure 6A), S-nitrosocysteine 

decomposed more rapidly; the half-life then was 25 min, and only 0.21 mM was left 

at 60 min (Table 3). In the presence of diethanolamine (1.25 mM), N-

nitrosodiethanolamine was formed to yield 51 µM after 80 min, a transnitrosation 

efficacy of about 4%. Nitrite levels also increased during incubation and accounted 

for about 45% of NO-equivalents of S-nitrosocysteine after complete decomposition; 

no nitrate was detected. When the concentration of diethanolamine was increased to 

2.5 mM, the half-life of S-nitrosocysteine was further shortened (figure 6B). After 30 

min the compound was fully consumed, and more than 140 µM of N-

nitrosodiethanolamine had formed (transnitrosation efficacy of 11%). 

 

3. 3. Transnitrosation from S-nitrosocysteinylglycine to diethanolamine 
 

Very similar results were obtained when S-nitrosocysteinylglycine was used as a 

transnitrosating agent (figure 7). The half-life of the compound without 

diethanolamine (control) was also about 30 min; upon addition of diethanolamine 
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(1.25 mM) the half-life was shortened to about 15 min. After 50 min of incubation S-

nitrosocysteinylglycine was practically fully consumed, and 38 µM N-

nitrosodiethanolamine had formed (transnitrosation efficacy 3%) (figure 7); nitrite 

accounted for 43% of the NO equivalents in the mixture. The decomposition of S-

nitrosocysteinylglycine was accelerated in the presence of 2.5 mM diethanolamine 

(Table 3). The yield of N-nitrosodiethanolamine was 90 µM after 60 min 

(transnitrosation efficacy 8%) (Table 3). 

Other S-nitrosothiols investigated were more stable under the same conditions 

(Table 3). Neither in the presence nor absence of diethanolamine a statistically 

significant decomposition of S-nitrosohomocysteine, S-nitrosoglutathione and S-

nitroso-N-acetylcysteine was observed within 210 min of incubation. Differences 

between the levels of nitrosothiols at t = 0 min and t = 210 min are within the 

coefficient of variation of the analytical method, which is 4%. It took several days until 

the compounds were decomposed (see figure 5b). Less than 4.4 µM N-

nitrosodiethanolamine was found after 210 min which corresponds to a 

transnitrosation efficacy of less than 0.4%; only small amounts of nitrite where 

detected.  

 

3.4. Transnitrosation from S-nitrosohomocysteine to diethanolamine in the 

presence of cysteine 

S-Nitrosohomocysteine was incubated with 1.25 mM diethanolamine in the 

presence of 1 mM L-cysteine, and the loss of S-nitrosohomocysteine as well as the 

formation of N-nitrosodiethanolamine was followed (figure 8A). When L-cysteine was 

present in the mixture, the level of S-nitrosohomocysteine decreased rapidly with a 

half-life of 45 min; after 150 min all S-nitrosohomocysteine was consumed. The level 

of N-nitrosodiethanolamine in the mixture increased up to 30 µM at 150 min 
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(transnitrosation efficacy of 2.4%). S-Nitrosocysteine was formed as an intermediate 

in the reaction, reaching maximum concentration of 0.55 mM at 30 min (figure 8a). In 

the presence of L-cysteine and 2.5 mM diethanolamine, S-nitrosohomocysteine 

decomposed with a similar time course, and the intermediate formation of S-

nitrosocysteine was also comparable between both experiments; however; more N-

nitrosodiethanolamine (59 µM) was generated (transnitrosation efficacy of 

4.7%)(figure 8B). 
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Figure 5A. HPLC traces obtained from an incubation mixture of S-nitrosocysteine and 

diethanolamine. S-nitrosocysteine and diethanolamine were1.25 mM in 10 mM 

phosphate buffer pH 7.0 at 37°C. Samples were taken at 0, 10 and 60 

min.Separation was achieved with a reversed phase C-30 column 4.6 x 250 mm 

(YMC-carotenoid, YMC Ltd., Japan); flow rate of 1 ml/min, detection wavelength 236 

nm. 10 mM phosphate buffer pH 7.0 was used as mobile phase. 
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                                               Time (min) 

Figure 5B. HPLC chromatograms obtained from the reaction of S-nitrosothiols and 

diethanolamine in 10 mM phosphate buffer  pH 7.0 at 37°C. Trace A* and A : CysNO 

/ DEA  at 0 and 60 min; trace B* and B : CGNO / DEA at 0 and 50 min; trace C* and 

C : HCysNO / DEA at 0 and 124 hr; trace D* and D : GSNO / DEA at 0 and 148 hr; 

trace E* and E : NACysNO / DEA  at 0 and 172 hr. Separation  was achieved as 

described in materials and methods.  
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  Figure 6. Formation of  N-nitrosodiethanolamine and loss of S-nitrosocysteine. (A) 

Reaction mixture containing 1.25 mM S-nitrosocysteine in 10 mM phosphate buffer pH 

7.0 at 37°C; S-nitrosocysteine and N-nitrosodiethanolamine were measured at different 

time points as described in experimental procedure. S-nitrosocysteine (control) (�), S-

nitrosocysteine with 1.25 mM diethanolamine (? ). N-nitrosodiethanolamine (m) formed 

from S-nitrosocysteine and 1.25 mM diethanolamine. B: As in A; but concentration of 

diethanolamine was 2.5 mM. Results are given as means of three independent 

experiments ± SD.  
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Figure 7. Formation of N-nitrosodiethanolamine and loss of S-nitrosocysteinylglycine. A: 
Reaction mixture containing 1.25 mM S-nitrosocysteinylglycine in 10 mM phosphate 
buffer pH 7.0 at 37°C; S-nitrosocysteinylglycine and N-nitrosodiethanolamine were 
measured at different time points as described in experimental procedure. S-
nitrosocysteinylglycine (control) (�), S-nitrosocysteinylglycine with 1.25 mM 
diethanolamine (? ) and N-nitrosodiethanolamine (m) formed from 1.25 mM 
diethanolamine. B: As in A; but concentration of diethanolamine was 2.5 mM. Results are 
given as means of three independent experiments ± SD. 
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Figure 8. Formation of  N-nitrosodiethanolamine and loss of S-nitrosohomocysteine 

in the presence of cysteine. A: Reaction mixture containing 1.25 mM S-

nitrosohomocysteine and 1 mM cysteine in 10 mM phosphate buffer pH 7.0 at 37OC; 

S-nitrosohomocysteine, S-nitrosocysteine and N-nitrosodiethanolamine were 

measured at different time points as described in experimenta procedure. S-

nitrosohomocysteine (�), S-nitrosocysteine (? ), N-nitrosodiethanolamine (m). B: As 

in A; but concentration of diethanolamine was 2.5 mM. Results are given as means of 

three independent experiments ± SD. 
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3.5. Nitrite formation during the reaction of  S-nitrosothiols with diethanolamine 

 

3.5.1. Nitrite formation from the reaction of S-nitrosocysteine with 

diethanolamine  

During the reaction of diethanolamine with S-nitrosothiols nitrite is formed. Incubation 

of S-nitrosocysteine alone in phosphate buffer leads to spontaneous decomposition, 

and a time-dependent formation of nitrite. Nitrite level was increased from 36.2 (t=0 

min) to 361 µM after 80 min (figure 9, table 3). Addition of 1.25 mM diethanolamine to 

S-nitrosocysteine resulted in an increased formation of nitrite reaching 550 µM after 

80 min of incubation. When the diethanolamine concentration raised to  2.5 mM, the 

nitrite level reached 525 µM after 40 min of incubation. The major NO reaction 

product was NO2
- and accounted for about 45% of NO equivalents derived from S-

nitrosocysteine (figure 9).  

 

3.5.2. Nitrite formation from the reaction of S-nitrosocysteinylglycine with 

diethanolamine  

Very similar results were obtained when S-nitrosocysteinylglycine was incubated with 

diethanolamine. Without diethanolamine, nitrite level reached about 398 µM after 110 

min. Incubation  of S-nitrosocysteinylglycine with 1.25 mM diethanolamine lead to 

634 µM nitrite after 110 min. When 2.5 mM  diethanolamine was added to reaction 

mixture, nitrite level reached 615 µM after 50 min. Nitrite was the major NO product 

and accounted for about 49% of NO equivalents derived from S-

nitrosocysteinylglycine (figure 10). 
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3.5.3. Nitrite formation from the incubation of S-nitrosohomocysteine, S-

nitrosoglutathione, and S-nitroso-N-acetylcysteine with diethanolamine  

As shown in figure 11 and table 3 incubation of S-nitrosohomocysteine without or 

with  diethanolamine (1.25, 2.5 mM) resulted in a time dependent formation of nitrite, 

reaching 18.8, 45.8 and 79.9 µM after 210 min and accounted for 1.5, 3.7 and 6.4% 

of the NO equivalents in the reaction mixture, respectively. 

The increases in nitrite levels are low as compared to the reactions of S-

nitrosocysteine and S-nitrosocysteinylglycine, respectively. The stability of S-

nitrosohomocysteine. Comparably low nitrite levels were found for S-

nitrosoglutathione and S-nitroso-N-acetylcysteine which are also relatively stable 

under the same conditions (see table 3). 
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Figure 9A: Time course of the formation of nitrite during the reaction of 1.25 mM S-

nitrosocysteine (CysNO) and 1.25 mM diethanolamine (DEA) in 10 mM phosphate 

buffer pH 7.0, at 37°C. B : Nitrite formation during the reaction of 1.25 mM CysNO 

and 2.5 mM DEA. Results are given as mean of three experiments ± SD. Nitrite 

formation with DEA (u), nitrite formation without DEA (n). 
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Figure 10A.  Time course of the formation of  nitrite during the reaction of  1.25 mM 

S-nitrosocysteinylglycine (CGNO) and 1.25 mM diethanolamine (DEA) in 10 mM 

phosphate buffer pH 7.0, at 37°C. B:  Nitrite formation during the reaction of  1.25 

mM CGNO and 2.5 mM DEA. Results are given as means of three experiments ±  

SD. Nitrite formation with DEA (u), nitrite formation without DEA(n).  
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Figure 11. Time course of the formation of nitrite during the reaction of S-

nitrosohomocysteine (HCysNO) and diethanolamine (DEA). Reaction mixtures 

contained  1.25 mM HCysNO and 1.25 mM DEA in 10 mM phosphate buffer, pH 7.0 

at 37° C (¾), 1.25 mM HCysNO and 2.5 mM DEA (u) and 1.25 mM HCysNO 

(control) (n). Results are given as means of three experiments ±  SD. 
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Figure 12.  Time course of the formation of  nitrite from the reaction of S-

nitrosoglutathione (GSNO) and diethanolamine (DEA). Reaction mixtures contained  

1.25 mM GSNO and 1.25 mM DEA in 10 mM phosphate buffer, pH 7.0 at 37° C (¾), 

1.25 mM GSNO and 2.5 mM DEA (u) and 1.25 mM GSNO (control) (n). Results are 

given as means of three experiments ±  SD. 
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Figure 13.  Time course of the formation of  nitrite from the reaction of S-nitroso-N-

acetylcysteine (NACysNO) and diethanolamine (DEA). Reaction mixtures contained  

1.25 mM NACysNO and 1.25 mM DEA in 10 mM phosphate buffer, pH 7.0 at 37° C 

(¾), 1.25 mM NACysNO and 2.5 mM DEA (u) and 1.25 mM NACysNO control (n). 

Results are given as means of three experiments ±  SD. 



               
Table 3. Transnitrosation from S-nitrosothiols to diethanolamine yielding N-nitrosodiethanolamine. 
 

 Time       
 
 0 min 60 min 210 min  
    

Mixture         (molar ratio) RSNO N-DEA NO2
- RSNO N-DEA  NO2

- RSNO  N-DEA NO2
- 

  (mM) (µM)  (µM) (mM) (µM) (µM) (mM)  (µM)  (µM) 
 

CysNO/DEA  (1:0) 1.19 ± 0.02      - 36.2 ± 3.2 0.36 ± 0.05 - 291 ±  3.3 n.m. n.m. n.m. 
   (1:1) 1.01 ± 0.11     7.0 ± 1.1 31.9 ± 6.5 0.21 ± 0.04  48.5 ± 2.0  489 ± 14.7 n.m. n.m. n.m. 
   (1:2) 1.05 ±  0.05   28.4 ± 0.2 32.3 ± 3.6 -  138.0 ± 2.9     n.m. n.m. n.m. n.m. 
 
CGNO/DEA  (1:0) 1.13 ± 0.15  - 36.3 ± 5.8  0.25 ± 0.03  - 238 ± 11.3 n.m. n.m. n.m. 
   (1:1) 1.09 ± 0.03  0.5 ± 0.10 36.2 ± 4.5 0.09 ± 0.01 38.0 ± 1.2 538 ±  9.8 n.m.  n.m. n.m. 
   (1:2) 1.03 ± 0.03  1.4 ± 0.00 36.2 ± 7.6  -  89.0 ± 8.4    n.m.           n.m. n.m. n.m. 
 
HCysNO/DEA (1:0) 1.18 ± 0.04  -  10.2 ± 3.3  1.17 ± 0.06 - 16.7 ± 1.7 1.18 ± 0.03 - 18.8 ± 1.2 
  (1:1) 1.19 ± 0.04  -  8.9 ± 1.1  1.18 ± 0.05   0.40 ± 0.06 26.6 ± 3.4 1.16 ± 0.03 2.09 ± 0.24 45.8 ± 3.6 
  (1:2) 1.18 ± 0.12  -  14.8 ± 2.9  1.15 ±  0.13  1.71 ± 0.60 35.9 ± 2.1 1.12 ± 0.05 4.40 ± 1.02 79.9 ± 5.0 
 
GSNO/DEA (1:0) 1.23 ± 0.03  -  10.5 ± 1.3  1.22 ± 0.06 -  13.4 ± 1.3 1.22 ± 0.02 -   20.3 ± 3.6  
  (1:1) 1.19 ± 0.04  -  10.3 ± 1.4  1.19 ± 0.01   0.53 ± 0.14  16.7 ± 2.4 1.18 ± 0.01  0.93 ± 0.09 31.2 ± 1.9  
  (1:2) 1.18 ± 0.05  -  11.0 ± 1.3  1.15 ±  0.03   0.88 ± 0.22  17.8 ± 2.0 1.14 ± 0.02  1.74 ± 0.35 43.5 ± 1.6 
 
NACysNO/DEA (1:0)  1.25 ± 0.01  -  12.5 ± 2.1  1.25 ± 0.02 -  13.1 ± 1.4 1.25 ± 0.01 -  16.7 ± 2.2 
  (1:1) 1.25 ± 0.03  -  12.3 ± 1.6  1.24 ± 0.02 0.15 ± 0.01  17.1 ± 1.4 1.24 ± 0.01 0.43 ± 0.07 21.1 ± 1.2 
  (1:2) 1.24 ± 0.02  -  12.3 ± 0.6  1.15 ±  0.03 0.25 ± 0.08  20.4 ± 1.1 1.23 ± 0.01 1.22 ± 0.04 29.2 ± 0.5 
 
The mixtures contained 1.25 mM S-nitrosothiols (RSNO) in 10 mM  phosphate buffer, pH 7.0, at 37°C, either no DEA (1:0 molar ratio), 
1.25 mM DEA (1:1 molar ratio) or 2.5 mM DEA (1:2 molar ratio). RSNOs and N-DEA concentrations were determined by HPLC. 
Results represent means of three experiments (± SD), -: below detection limit; n.m.: not measured. 
DEA, diethanolamine; N-DEA, N-nitrosodiethanolamine; CysNO, S-nitrosocysteine; CGNO, S-nitrosocysteinylglycine; HCysNO, S-

nitrosohomocysteine; GSNO, S-nitrosoglutathione; NACysNO, S-nitroso-N-acetylcysteine. 

44 
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3. 6. Nitrosation of diethanolamine with peroxynitrite 

For comparison to S-nitrosocompounds, the nitrosating activity of peroxynitrite was 

investigated, measuring the yield of N-nitrosodiethanolamine when diethanolamine 

was incubated with 1 or 2 mM peroxynitrite for 15 min at pH 7 and 37°C. At a ratio of 

1 mM diethanolamine and 1 mM peroxynitrite the yield of N-nitrosodiethanolamine 

was about 3.5 µM (transnitrosation efficacy of 0.35%). The yield of N-

nitrosodiethanolamine increased to 46 µM with 2 mM peroxynitrite (transnitrosation 

efficay of 2.3%). The reaction was completed within seconds (table 4). 

 

Table 4. Formation of N-nitrosodiethanolamine from the reaction of diethanolamine 

and peroxynitrite in 10 mM phosphate buffer pH 7.0, at 37°C. 

 
 
                                                                 N-DEA (µM) 

 
     Time       1 mM peroxynitrite:1 mM DEA               2 mM peroxynitrite: 1mM DEA 

  
     0 min                      3.63  ± 0.4                                    45.8  ± 1.2 

  
     15 min            3.30  ± 0.6                                   46.6  ± 0.8   
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3.7. Sulfur- to- sulfur transnitrosation  

The exchange of NO between thiol groups, involving cysteine, homocysteine and the 

respective S-nitrosothiols is shown in figures 14 and 15. CysNO was incubated 

together with homocysteine and the decay of CysNO as well as the formation of 

HCysNO were determined as a function of time (figure 14). Figure 15 shows the 

results of a similar experiment using HCysNO and cysteine as reactants. The 

transnitrosation was determined by co-incubation of equimolar amounts of the S-

nitroso compounds (100 µM) and thiols (100 µM) (figure 14 and 15). The 

transnitrosation between S-nitrosocysteine and homocysteine  and S-

nitrosohomocysteine and cysteine is shown in reaction 1 and 2. 

CysNO + HCys                HCysNO + Cys  (1) 

HCysNO + Cys                CysNO + HCys  (2) 

 

3.8. S-Nitrosocysteine stability in phosphate buffer containing different 

concentrations of homocysteine  

It was suggested that S-nitroso compounds are intermediate storage and transport 

forms of nitric oxide. Factors that influence the release of NO from S-nitroso 

compounds or have impact on their stability may be of biological importance. The 

following experiments were performed to investigate the fate of the NO-group using 

S-nitrosocysteine as a donor molecule. When S-nitrosocysteine was alone incubated 

in 10 mM phosphate buffer, pH 7.0 at 37°C, it decomposed rapidly and the NO-group 

was completely lost after 20 min of incubation. The apparent half-life of S-

nitrosocysteine was much larger when 100 µM cysteine where present in the 

incubation mixture. At 20 min almost 80% of the S-nitrosocysteine was still present 

(figure 16). This is probably due to S-to-S transnitrosation reactions between S-
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nitrosocysteine and cysteine which are competitive to the denitrosation of S-

nitrosocysteine and conserve the NO in an active S-nitroso structure.  

The presence of other thiols which may be involved in additional transnitrosation 

reactions may further modify the half-life of NO bound as a nitroso-thiol. Especially 

thiols that form rather stable S-nitroso derivatives may significantly influence the NO-

flux and might even be nitric oxide traps. In order to investigate this aspect further 

experiments were performed in which increasing amounts of homocysteine were 

added to the incubation mixture. In the presence of S-nitrosocysteine, formation of 

the relatively stable S-nitrosohocysteine is an additional competitive pathway to 

denitrosation (figure 17). This leads to increased half-life or “availability” of total S-

nitroso compounds in the mixture. With increasing amounts of homocysteine in the 

mixture the half-life of NO conserved or trapped as S-nitroso derivative increases. 

With 50 µM homocysteine, no loss of S-nitrosothiols is observed after 40 min of 

incubation (figure 18).  

Such an influence on the stability of S-nitroso compounds was still observed when 

BSA as a protein and possible nitrosation target was additionally added to the 

mixture (figure 19). The impact of increasing amounts of homocysteine on the 

apparent half-life of total S-NO was still detectable. In the presence of 50 µM 

homocysteine there was no loss of total S-NO after 20 min of incubations, whereas  

30% of the total S-nitrosothiols were lost at that time point when no homocysteine 

present. 

Stability effects on the amount of total S-NO mediated by increasing amounts of 

homocysteine were also found when human serum was used as an incubation 

medium. The effects were less preserved which might be due to the presence of a 

number of other compounds  that have impact on the stability and transnitrosation 

efficacy. However, again with 50 µM homocysteine (figure 20) the loss of total S-
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nitroso-compound in serum was slower as compared to mixtures with amounts or no 

homocysteine. For better comparison the data were repeated with diluted serum; 

here the effects are more obvious (figure 20). 
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Figure 14 . Transnitrosation between S-nitrosocysteine (CysNO) and homocysteine 

(HCys). CysNO (100 µM) was incubated with HCys (100 µM) and both the decay of 

CysNO and the formation of HCysNO were monitored by HPLC as a function of time. 

Data represent means ± SD (n=3) 
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Figure 15. Transnitrosation between S-nitrosohomocysteine (HCysNO) and cysteine 

(Cys). HCysNO (100 µM) was incubated with Cys (100 µM) and both the decay of 

HCysNO and the formation of CysNO were monitored by HPLC as a function of time. 

Data represent means ± SD (n=3). 
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Figure 16. Stability of S-nitrosocysteine in phosphate buffer. 10 µM S-nitrosocysteine 

was incubated with (u) or without 100 µM cysteine (n) in 10 mM phosphate buffer 

pH 7.0, at 37°C. Data represent means ± SD (n=3).      

 

 

 

 

 

 

  

                                                                                                                       

 
                                                       
Figure 17.  Stability of S-nitrosocysteine in the presence of homocysteine. 10 µM S-

nitrosocysteine was incubated in 10 mM phosphate buffer pH 7.0, at 37°C contained 

100 µM cysteine and 50 µM homocysteine, S-nitrosocysteine (u), S-

nitrosohomocysteine (g). Data represent means ± SD (n=3). Inset to (fig 17), 

showed the total concentration of S-nitrosothiols (in the presence of 100 µM cysteine)  

after 100 min incubation of 10 µM S-nitrosocysteine with various concentration of 

homocysteine. 
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Figure 18: Stability of S-nitroso-compounds in the presence of homocysteine 

incubated in 10 mM phosphate buffer pH 7.0, at 37°C. Reaction mixture contained 10 

µM S-nitrosocysteine (Ο), 10 µM S-nitrosocysteine /100µM cysteine (u), 10 µM S-

nitrosocysteine /100µM cysteine/10 µM homocysteine (n), 10 µM S-nitrosocysteine 

/100µM cysteine/20 µM homocysteine (? ), 10 µM S-nitrosocysteine /100µM 

cysteine/50 µM homocysteine (g). Inset to (fig 18), data taken from figure 18 and 

plotted as total concentration of S-nitrosothiols against concentration of 

homocysteine (in the presence of 100 µM cysteine)  after 100 min incubation. Data 

represent mean of three experiments.  
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Figure 19: Stability of S-nitroso-compounds in the presence of homocysteine and 

BSA  incubated in 10 mM phosphate buffer pH 7.0, at 37°C. Reaction mixture 

contained 10 µM S-nitrosocysteine (Ο), 10 µM S-nitrosocysteine /100 µM cysteine 

/BSA (4 mg/ml) (u),10 µM S-nitrosocysteine /100 µM cysteine/ BSA (4 mg/ml) and10 

µM homocysteine (n),10 µM S-nitrosocysteine /100 µM cysteine/ BSA (4 mg/ml) and 

20 µM homocysteine (? ),10 µM S-nitrosocysteine /100 µM cysteine/ BSA (4 mg/ml) 

and 50 µM homocysteine (g),10 µM S-nitrosocysteine / BSA (4 mg/ml), (?). Inset to 

(fig 19), data taken from figure19 and plotted as total concentration of S-nitrosothiols 

against concentration of homocysteine (in the presence of 100 µM cysteine and BSA) 

after 80 min incubation. Data represent mean of three experiments.  

 

 

 
 
     
 

0

4

8

12

0 40 80 120 160

Time (min)

T
ot

al
 S

-n
itr

os
ot

hi
ol

s 
(µ

M
)

0

2

4

6

0 10 20 30 40 50

[HCys](µM)

[S
-n

itr
os

ot
hi

ol
s]

 
(µ

M
)



 53 

 
 

 
 
 
Figure 20: Stability of S-nitroso-compounds in human serum in the presence of 

homocysteine. Reaction mixture contained 1 ml human serum was incubated at 37°C 

with 10 µM S-nitrosocysteine (�), 10 µM S-nitrosocysteine /100µM cysteine (u),10 

µM S-nitrosocysteine /100µM cysteine/10 µM homocysteine (n),10 µM S-

nitrosocysteine /100µM cysteine/20 µM homocysteine (? ), and 10 µM S-

nitrosocysteine /100µM cysteine/50 µM homocysteine (g). Inset to (fig 20), data 

taken from figure 20 and plotted as total concentration of S-nitrosothiols against 

concentration of homocysteine (in the presence of 100 µM cysteine) after 5 min 

incubation. Data represent mean of three experiments.  
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Figure 21: Stability of S-nitroso-compounds in human serum. Reaction mixture 

contained human serum diluted 1:10 in 10 mM phosphate buffer pH 7.0 at 37°C was 

incubated with 10 µM S-nitrosocysteine (�), 10 µM S-nitrosocysteine /100µM 

cysteine (¿), 10 µM S-nitrosocysteine /100µM cysteine/10 µM homocysteine (Ä), 10 

µM S-nitrosocysteine /100µM cysteine/20 µM homocysteine (? ), and 10 µM S-

nitrosocysteine /100µM cysteine/50 µM homocysteine (¾). Inset to (fig 21): Data 

taken from figure 21 and plotted as total concentration of S-nitrosothiols against 

concentration of homocysteine (in the presence of 100 µM cysteine) after 100 min 

incubation. Data represent mean of three experiments. 
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3.9. Purification of microsomal glutathione S-transferase. 

For the purification of microsomal glutathione S-transferase from pig kidney,  

hydroxyapatite and CM-Sepharose chromatography was applied. Two peaks of 

glutathione S-transferases activity with GSH as substrate were obtained with  

hydroxyapatite column chromatography (figure 22) whereas only one peak of  

glutathione S-transferase activity towards the substrate N-acetyl-L-cysteine was 

obtained in this system (figure 22). The hydroxyapatite peak-I  and peak-II fractions 

of kidney microsomes were applied to SDS-polyacrylamide gel electrophoresis (15%) 

to see the separation of membrane bound cytosolic GSTs from microsomal forms 

(figure 24).  

When the hydroxyapatite peak-II fractions were collected and chromatographed on a 

CM-Sepharose column, only one peak was obtained and exhibiting transferase 

activity (figure 23). The active fractions were collected and applied to SDS-

polyacrylamide  gel electrophoresis (15%). Only one protein band was obtained after 

silver staining (figure 25). As expected from its substrate specificity toward N-acetyl-

L-cysteine, the  glutathione S-transferase in the hydroxyapatite peak-II fractions of 

kidney microsomes purified by CM-Sepharose, had a molecular weight of 17.3 kDa 

as shown in figures (25 & 26B) . 

The hydroxyapatite peak-I fractions were further purified by S-hexylglutathione affinity 

chromatography and the active fractions enzyme from the affinity chromatography 

column were collected and exhibited only one band on SDS-polyacrylamide  gel 

electrophoresis (15%)(figure 26A); its apparent molecular weight was calculated as 

26 kDa, as reported for other alpha-class glutathione S-transferases (Kamisaka, et al. 

1975). This form was compared with glutathione S-transferases purified from pig 

kidney cytosol by S-hexylglutathione affinity chromatography and seemed to be a  

form of the membrane-bound cytosolic glutathione S-transferases (figure 26A). 
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To compare the two forms of the glutathione S-transferases purified  from pig kidney 

microsomes by S-hexylglutathione and CM-Sepharose chromatography, the two 

forms were applied to SDS-polyacrylamide  gel electrophoresis and it was found that 

both of them migrated with different MW, one form with MW of 26 kDa and the other 

one with 17.3 kDa (figure 26B). 

 

3.10. Properties of pig kidney microsomal glutathione S-transferase. 

As shown in figure 20 from the two glutathione S-transferases isolated from kidney 

microsomes, only hydroxyapatite peak-II showed activity towards  N-acetyl-L-

cysteine as substrate. To compare the pig kidney microsomal glutathione S-

transferase with rat liver microsomal glutathione S-transferase, the rat liver 

microsomal glutathione S-transferase was isolated from rat liver microsomes as 

described before (see 2.17). Both enzymes were studied with respect to the influence 

of NO donor compounds such as S-nitrosothiols and peroxynitrite and alkylating 

agent such as N-ethylmaleimide on their activity. Treatment of the pig kidney 

microsomal glutathione S-transferase with NEM resulted in 14% inhibition, whereas, 

the rat liver microsomal glutathione S-transferase showed a 5.4-fold activation (table 

5). Exposure of the pig kidney and rat liver microsomal glutathione S-transferase to 

peroxynitrite resulted in 23% inhibition and 120% activation, respectively (table 5). 

Incubation of pig kidney microsomal glutathione S-transferase with S-nitrosocysteine 

led to 9% inhibition, while the rat liver microsomal glutathione S-transferase showed 

2-fold activation (table 5). It is remarkable that in kidney microsomal glutathione S-

transferase no stimulation with NEM could be seen. 
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3.11. Amino acid sequence of pig kidney microsomal glutathione S-transferase  

The purified microsomal glutathione S-transferases from pig kidney and liver 

microsomes were sequenced. As shown in table 6 the first 10 amino acids in the 

sequence of pig kidney and liver microsomal glutathione S-transferase are similar. A 

comparison between rat liver and pig microsomal glutathione S-transferase, showed 

differences at positions 4 and 5; and homology was more than 80%.  

 

3.12. Nitration of tyrosine residues of glutathione S-transferase 

Pig kidney microsomal glutathione S-transferase and rat liver cytosolic glutathione S-

transferase showed different sensitivities towards ONOO- and S-nitrosothiols as 

shown in figures 27, 30 and table 6. Both were treated with peroxynitrite and  

subjected to SDS-polyacrylamide gel electrophoresis and blotted towards monoclonal 

anti-3-nitrotyrosine antibodies. Only one band showed nitrotyrosine labeling and 

verified the nitration of microsomal and cytosolic glutathione S-transferase (figure 28 

and 29). 

 

3.13. Influence of peroxynitrite on glutathione S-transferase activity. 

The effect of ONOO- on glutathione S-transferase activity was analysed. As shown in 

figure (27 ), the rat liver cytosolic glutathione S-transferase activity was found to be 

inhibited by ONOO- in a concentration-dependent manner. Incubation of the rat liver 

cytosolic glutathione S-transferase with 50 µM ONOO- inhibited the enzyme by 50% 

(figure 27), while rat liver microsomal glutathione S-transferase was insensitive (table 

5). When pig kidney microsomal glutathione S-transferase treated with peroxynitrite, 

the enzyme was sensitive and showed 23% inhibition (table 5). 
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3.14. Effect of S-nitrosothiols on glutathione S-transferase activity  

 Rat liver cytosolic glutathione S-transferase was initially treated with S-

nitrosocysteine, or S-nitrosohomocysteine in presence or absence of cysteine and  

glutathione S-transferase activity was  followed. The enzyme used was > 95% pure as 

determined with SDS–polyacrylamide gel electrophoresis (figure 24 and 25). 

Incubation of rat liver glutathione S-transferase with S-nitrosocysteine resulted in a 

concentration-dependent loss of glutathione S-transferase activity (figure 30), 

whereas no influence on the rat liver microsomal glutathione S-transferase activity 

was shown (table 5). Comparing to S-nitrosocysteine,  S-nitrosohomocysteine 

revealed the lowest action e.g. 5 mM S-nitrosohomocysteine inhibited rat liver 

cytosolic glutathione S-transferase by 6%, whereas 5 mM S-nitrosocysteine provided 

67% inhibition of cytosolic glutathione S-transferase (figure 30). Addition of cysteine 

to S-nitrosohomocysteine led to inhibition of  the rat liver cytosolic glutathione S-

transferase activity by 17%, whereas only 6% inhibition was achieved by S-

nitrosohomocysteine (figure 30). 
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Figure 22: Elution pattern of pig kidney microsomal glutathione S-transferases activity 

from hydroxyapatite column chromatography. The glutathione S-transferases activity 

of each fraction was measured in the presence of glutathione (GSH) or N-

acetylcysteine (NACys) and CDNB. 
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cGST 

 

 

 

 

  Hydroxyapatite peak I    Hydroxyapatite peak II  
 
kDa  1   2         9   10   19            20 

Figure 23: SDS-PAGE of glutathione S-transferase fractions from pig kidney 

microsomes eluted from hydroxyapatite chromatography. Lane 1 and 20: low 

molecular size standard, lane 2 - 9: pig kidney glutathione S-transferase (active 

fraction from peak I) (see fig.18), lane 10 - 19: pig kidney glutathione S-transferase 

(active fraction from peak II). SDS-PAGE  was performed in a 15% acrylamide gel 

and stained with silver nitrite.  
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Figure 24: Elution pattern of pig kidney microsomal glutathione S-transferase 

(hydroxyapatite peak II) activity from CM-Sepharose column chromatography. The 

glutathione S-transferases activity of each fraction (1.6 ml) was measured in the 

presence of glutathione (GSH) and CDNB. 
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 1 2 3 4 5 6 7 8 
 

  
 
 

Figure 25: SDS-PAGE  of purified microsomal glutathione S-transferase from pig 

kidney and liver microsomes. Lane 1, 4 and 8: low molecular size standard, lane 2 

and 6: pig kidney microsomal glutathione transferase1 purified by CM-Sepharose, 

lane 3 and 7: Pig liver microsomal glutathione transferase1 purified by CM-

Sepharose and lane 5: mixture of both. SDS-PAGE  was performed in a 15% 

acrylamide gel and stained with silver nitrite.  
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Figure 26A. SDS-PAGE of glutathione S-transferase purified from pig kidney 

microsomes and cytosol by S-hexylglutathione chromatography. Lane 1: low 

molecular size standard, lane 2: pig kidney glutathione S-transferase purified from 

hydroxyapatite peak I (see fig. 18) by S-hexylglutathione chromatography, lane 3: 

cytosolic glutathione S-transferases purified from pig kidney cytosol by S-

hexylglutathione chromatography. B: lane 1: pig kidney microsomal glutathione 

transferase1 (hydroxyapatite peak II) purified by CM-Sepharose, lane 2: pig kidney 

glutathione S-transferase purified from hydroxyapatite peak I and lane 3: low 

molecular size standard. SDS-PAGE  was performed in a 15% acrylamide gel and 

stained with silver nitrite.  
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Figure 27. Effect of peroxynitrite on rat liver cytosolic glutathione S-transferase 

activity. Peroxynitrite (0 -1 mM in 100 mM NaOH) was added to GST (9 units/mg/ml 

in 100 mM phosphate buffer pH 7.0, 0.1 mM DTPH at 25°C). The pH of the mixture 

was not significantly altered by addition of peroxynitrite. GST activity was determined 

after 10 min incubation. Results represent mean ± SD. (n=3). 
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 1 2  3 4 5 kDa 

 

 

Figure 28: Western blot analysis performed using monoclonal anti-3-nitrotyrosine 

antibody. Nitration of tyrosine residues of rat liver cytosolic  and pig kidney 

microsomal glutathione S-transferases by peroxynitrite. Protein nitration was 

examined using a monoclonal anti-3-nitrotyrosine antibody. GAPDH treated with 80 

µM peroxynitrite (Lane 1), microsomal glutathione S-transferases eluted from 

hydroxyapatite chromatography (peak II, see fig 18) treated with 1 mM peroxynitrite) 

(lane 2), lane 3: microsomal glutathione S-transferases exposed to 1 mM 

decomposed peroxynitrite (lane 3), microsomal glutathione S-transferases (control) 

(lane 4) and  rat liver cytosolic  glutathione S-transferases treated with 1 mM 

peroxynitrite (lane 4). 
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Figure 29. Western blot analysis performed using monoclonal anti-3-nitrotyrosine 

antibody. Nitration of pig kidney microsomal glutathione S-transferase 1 by 

peroxynitrite. Protein nitration was examined using monoclonal anti-3-nitrotyrosine 

antibody. Enzyme was exposed to 1 mM peroxynitrite (lane 1),or to the 

predecomposed 1 mM peroxynitrite ( lane 2) and rat liver  cytosolic glutathione S-

transferases exposed to  1 mM peroxynitrite ( lane 3). 
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Figure 30. Effect of S-nitrosothiols on cytosolic glutathione S-transferase activity. S-

nitrosocysteine (0–5.0 mM )(¿) was added to GST (9 unit/mg/ml) in 10 mM 

phosphate buffer pH 7.0, at 25°C) and vortex-mixed immediately. Activity was 

determined after  10 min incubation, GST activity in the presence of S-

nitrosohomocysteine (0 –5.0 mM )(? ), GST activity in the presence of S-

nitrosohomocysteine (0 –5.0 mM ) and 1 mM cysteine (¾). Results represent mean ± 

SD (n=3).  
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Table 5: Microsomal glutathione S-transferase 1 activity  
 
     Control  with NEM  Activation (%) 
       (unit)       (unit)     
  
           Rat liver mGST  0.39 ± 0.10      2.10 ± 0.4   538  
 Pig kidney mGST  0.22 ± 0.05      0.19 ± 0.1     86 
  
     Control    with PN   
     (unit)       (unit)     
  
           Rat liver mGST  0.39 ± 0.10      0.47 ± 0.2   120  
 Pig kidney mGST  0.22 ± 0.05      0.17 ± 0.3     77  
 
     Control  with CysNO   
       (unit)      (unit)     
  
           Rat liver mGST  0.39 ± 0.10      0.40 ± 0.3   102 
  
 Pig kidney mGST  0.22 ± 0.05      0.20 ± 0.1     91  

 
NEM: N-Ethylmaleimide; PN: peroxynitrite; unit: µmol/min/mg  

 

 

Table 6. Amino acid sequence of microsomal glutathione transferase. 

Rat liver mGST            A D L K Q L M D N E                  Morgenstern, et. al. 1985 

Pig liver mGST            A D LT  E LM D N E                    EMBO-Data bank 

Pig kidney mGST        A D L T E L M  - N -  
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