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ABSTRACT 

A kinetic investigation ofthe metallo amino acid induced decomposition of a low 

molecular weight nitrosothiol such as nitrosoglutathione has been studied. Selenium 

based metallo amino acids like selenocystamine dihydrochloride and selenocystine were 

used for this study. This study was cartied out in the presence of the reducing agents 

glutathione and ascorbic acid because of their physiological presence. A strong reducing 

agent, sodium borohydride, was also used to compare the effect of reduction of these 

metallo amino acids on metal ion induced decomposition. The entire study was carried 

out using HPLC grade water to ensure that there was no contribution of the contaminant 

metal ions and neither that of the chelants used in some earlier studies for preparing 

contaminant metal ion free buffers. Finally a kinetic simulation for the 

diselenide/GSNO/GSH system was performed and was compared with the experimental 

decay results. 
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system with 500|.iM GSH. 80 

4.28 Changes in selenium based compounds for 50^M diselenide 

system with 500|aM GSH. 81 

4.29 Decay of ImM GSNO in the presence of 50|uM Se-cys and 200^M AA. 83 

4.30 Decayof ImM GSNO in the presence of 50tiM Se-cys and 500^MAA. 83 
4.31 Decay of ImM GSNO in the presence of 50|iM Se-cys and ImM AA. 84 

4.32 Decay of 1 mM GSNO in the presence of 200nM Se-cys 
and 200^M AA. 85 

4.33 Decay of ImM GSNO in the presence of 200^M Se-cys 

and 500|iM AA. 85 

4.34 Decay of ImM GSNO in the presence of 200nM Se-cys and ImM AA 86 

4.35 Decay of ImM GSNO in the presence of 500)j.M Se-cys 
and 200^M AA. 87 

4.36 Decay of ImM GSNO in the presence of 500|iM Se-cys 

and 500|iM AA. 88 

4.37 Decay of ImM GSNO in the presence of 500|iM Se-cys and ImM AA. 88 

4.38 Decay of ImM GSNO in the presence of 50^M Se-cym 
and 200^M AA. 89 

4.39 Decay of ImM GSNO in the presence of 50^M Se-cym 

and 500|iM AA. 90 

4.40 Decay of ImM GSNO in the presence of SO îM Se-cym and ImM AA. 91 
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CHAPTER I 

INTRODUCTION 

1 • 1 Nitric oxide in the vasculature 

Nitroglycerin (GTN) had been in use for medicinal purposes specially for the 

freatment of angina pectoris from the 18*̂  century (Furchgott, 1998). The physiological 

mechanism of GTN has been barely understood until now. Nitric oxide (NO) released or 

metabolically produced from GTN in vivo is responsible for many physiological and 

pathophysiological mechanisms. This discovery by Furchgott, Ignarto and Murad later 

fetched them the Nobel prize in medicine in 1998. Furchgott (1981, 1983, 1993) found 

that relaxation of arterial smooth muscles is caused by acetylcholine when endothelial 

cells were present hence NO is referted to as endothelium derived relaxing factor 

(EDRF). Ignarto et al. (1986, 1987a, 1987b) discovered that NO itself causes vascular 

smooth muscle relaxation and acts as an inhibitor of platelet aggregation. Murad (1978), 

(Katsuki et al., 1977) was recognized for the study ofthe altered redox conditions, thiols 

and heme containing proteins with different nitrovasodilators. 

NO is involved in a number of biological processes including vasodilation 

(Feelisch et al., 1994), platelet aggregation inhibition (Simon et al., 1996), prevention of 

smooth muscle proHferation (Garg et al., 1989), bronchodilatory activity (Gaston et al., 

1993), neurotransmission (Gillespie et al., 1989), non-specific immunity (Hibbs et al., 

1987) and erectile fimction (Hellstrom et al., 1994 and Wang et al., 1994). The discovery 

of the multi-faceted role played by NO physiologically has led to a rapid outburst of 



research on this molecule both in vivo and in vitro. 

NO is present in the biological form of endothelium derived relaxing factor 

(EDRF). NO is a highly reactive molecule, because it is a free radical. The physiological 

life-time of NO is extremely short, on the order of a few seconds. This emphasizes the 

study of biological molecules that can act as carriers of NO. One major class of such 

carriers are the S-nitrosothiols. The factors that are to be considered for the selection of 

these carriers are their physiological presence, their NO binding abilities, their carrying 

abilities and their decomposition using suitable catalysts to release NO at the specific 

sites. 

1.2 Nitrosothiols in body fluids 

Low molecular weight nitrosothiols like S-nitrosoglutathione and nitrosylated 

protein thiols have been found in human plasma and blood as well as fluids in human 

airways (Gaston et al., 1993 and Stamler et al., 1992a). It has been shown that NO and the 

biological form of NO, EDRF, react with the free accessible thiol groups of proteins 

under physiological conditions in vitro to form S-nifrosoproteins (Stamler et al., 1992a). 

S-nitrosoproteins have half lives on the order of hours to a day in confrast to the half hfe 

of seconds for free NO. These S-nitrosoproteins decay in the presence of various catalysts 

to yield the cortesponding disulfide and NO. NO is taken up by the cytosolic guanylate 

cyclase which reacts with guanosine triphosphate in the presence of magnesium and 

calcium forming cyclic guanosine monophosphate (cGMP). The cGMP thus formed 

brings about the relaxation (Ignarto, 1998). 



It has also been shown that the concentrations of S-nitrosothiols (RSNO) is of 3-4 

orders of magnitude greater than free NO in human plasma (Stamler et al, 1992b). 

Human plasma contains about 3nM of free NO, 7^M of S-nitrosothiols, of which 96% is 

S-nitrosoproteins, 82% of which is S-nitroso-semm albumin (Stamler et al., 1992b). 

Among the various nitrosothiols present in the human blood and plasma S-

nifrosoalbumin (SNO-Alb), S-nitrosocysteine (Cys-NO) and S- nitrosoglutathione 

(GSNO) are the most important. SNO-Alb is in much higher concentration than the latter 

two. The plasma concentration of free albumin is on the order of 800^M and that of a 

mixture of cysteine and cystine is 100|j,M. The concentration of glutathione in human 

blood is found to be 0.36mg/ml (Dittmer, 1961). 

Stamler et al. (1992b) have proposed that there is a transfer of NO from S-

nitrosoproteins to low molecular weight thiols which in tum enhances the vasodilatory or 

the platelet inhibitory activity. They have also suggested that plasma nitrosothiols can act 

as a reservoir for NO. There has also been evidence that the biological activity of these 

nitrosothiols does not depend on the NO release from them rather they themselves have 

the abiUty to perform these biological activities (Kowaluk et al., 1990 and Mathews et al., 

1993). Since albumin is a large molecule and does not pass through the cell membrane, 

Stamler et al. (1992a) have proposed that NO transfer is facilitated between SNO-Alb 

and other simple thiols. 



1.3 Formation chemistry of RSNOs in vivo 

The formation of RSNOs /'/; vivo is not completely understood. Various research 

groups have put forward hypothesis conceming their mechanisms of formation. NO is a 

free radical which is highly reactive and short lived. Stamler et al. (1992b) have proposed 

tiiat NO reacts with the heme group and other biological molecules such as thiols under 

physiological conditions (Gaston et al., 1994) to form considerably long lived 

compounds. These compounds function as a reservoir thereby regulating the short lived 

free NO levels required for the maintenance of proper vascular tone. The NO group that 

is formed in vivo nifrosates the physiological thiols to form RSNOs (Stamler et al., 1992c 

and Kharitonov et al., 1995). The mechanism of RSNO formation at neutral pH of 7.4 and 

anaerobic conditions from low concentrations of NO has been studied by Palmerini et al. 

(2002). Based on their results they have proposed a reaction mechanism which shows the 

participation of heme and NO. They have also shown that similar reactions do occur in 

human erythrocytes. 

Kharitonov et al. (1995) have studied nitrosation of various thiols by NO in the 

presence of oxygen at low pH and at physiological pH of 7.0. They found that at neutral 

pH, NO does not react with thiols to give RSNO. For all thiols the rate of formation of 

RSNO was first order with respect to oxygen concentration and second order with 

respect to NO concentration. At low concentrations of NO it was also dependent on the 

thiol concentration. Hence, there exists a controversy regarding the formation of RSNO 

at neutral pH. Since we are aerobic organisms and there exists substantial amounts of 

dissolved oxygen in every organ, some of the results might be useful in predicting the 



formation of RSNO at neutral pH. 

Scharfstein et al. (1994) have examined the /// vivo transfer of NO between large 

plasma SNO-Alb pool and low molecular weight thiol because of the inability of 

albumin to reach intracellular targets. The occurtence of the large plasma SNO-Alb pool 

and its EDRF-like properties such as increase in the physiologic half life of NO, 

inhibition of platelet aggregation and vasorelaxant properties is supported by Keaney et 

al. (1993). They suggest that the single free thiol occurting in albumin is highly reactive 

towards NO. This free thiol reacts with NO forming a stable product such as SNO-Alb 

which acts as a reservoir for NO in vivo. This stability is due to the presence of primary 

cysteine. 

1.4 Importance of metal ions and their induced decomposition of RSNOs 

Although RSNOs decompose thermally and photolytically (Shishido et al., 2000, 

2003) to release NO, these modes are of less relevance physiologically. Metal ion based 

decomposition is important because the body fluids contain micro molar concentrations 

of various metal ions that have the ability to catalyze such decay. Decomposition of 

RSNOs can be brought about by ions such as Fe^ ,̂ Cu^, Hg^ ,̂ Ag^, Zn̂ "̂  and Se" (Jacob et 

al., 1999). The human body contains O.lg copper per 75Kg which is found distributed in 

almost every organ of the body (Wang et al., 2002). 

The metal containing enzyme such as copper-zinc superoxide dismutase (Cu-Zn 

SOD), but not manganese superoxide dismutase, catalyzes the decomposition of GSNO 

in the presence of GSH. It was also found that increasing GSH concentrations and 



maintaining a constant concentration of Cu-Zn SOD (Jourd'heuil et al., 1999) resulted in 

complete decomposition of GSNO. The presence of specific metal ion chelators such as 

ethylene diamine tetraacetic acid (EDTA) or diethylenetriamine pentaacetic acid (DTPA) 

halts the decomposition of RSNOs due to the formation of metal-chelant complexes. 

Gordge et al. (1995) have shown the reduction in biological activity of RSNOs due to the 

presence of chelants in vitro which make the metal ions unavailable for RSNO 

decomposition. Al-Sa'doni et al. (1997), and Ng et al. (2003) have studied vasodilatory 

responses in vivo in isolated tail arteries of rats by using neocuproine a selective copper 

chelator on decomposition of RSNOs like GSNO and SNAP. 

Catalytic generation of NO in amounts of physiological relevance in vitro using 

the polymeric films of poly vinyl chloride doped with metal ions like copper submerged 

in a bathing solution of nitrite salts and reducing agents like ascorbate and thiols have 

been proposed for stents (Oh et al., 2004). Cys-NO but not GSNO decomposition in the 

presence of milli molar concentrations of Mĝ "̂  and Câ "̂  ions under in vitro conditions 

was observed by Kostka et al. (1999). 

Selenium is an essential mineral in the human diet, deficiency of which has been 

related to vascular disease. Glutathione peroxidase (GPx), a selenium containing enzyme 

is thought to inhibit platelet aggregation by RSNOs (Freedman et al., 1995). GPx 

catalyzes the decomposition of endogenous GSNO to liberate NO in the presence of 

hydrogen peroxide. Hou et al. (1996) have proposed that selenol generated from 

diselenides catalyzes the decomposition of RSNO to produce NO. The mechanism of 

selenium based decomposition proceeds with the interchange of diselenide and thiol 



leading to the generation of selenol (R"SeH) which catalyzes the decay of RSNO to 

release NO. The scheme of this reaction is represented as: 

R'Se-SeR" + RSH ^ = ^ 

RS-SeR" + RSH 

2RSN0 

N 

'SeH/R"SeH 
s 

Scheme 1.1 

RS-SeR" 

RS-SR 

RS-SR 

-1-

-1-

+ 

R'SeH 

R"SeH 

2N0 

1.5 Kinetics of decomposition of RSNOs 

Kinetic and thermodynamic aspects of the NO related reactions both in vitro and 

in vivo play a very important role in understanding the mechanism. Wang et al. (2001) 

have shown that NO transfer from S-nitrosopencillamine (SNAP) to other thiols is 

thermodynamically favorable and kinetic behavior of transnitrosation from SNO-Alb to 

other thiols was dependent upon the thiol group present in the molecule and was 

dependent on the electronic stmcture. The values of Gibbs free energy, enthalpy and 

entropy show that the NO transfer reactions from SNAP to other thiols is exothermic with 

loss in entropy. Chong et al. (1990) studied the degradation of nifroglycerin in the 

presence of various plasma proteins and found that human semm albumin had the 

highest catalytic activity among different proteins tested. Sorenson et al. (2000) have 

studied the in vivo degradation of Cys-NO in porcine models in the presence of Mĝ "" ions 

and various selective iron chelators. Aleryani et al. (1998) studied superoxide mediated 

decomposition of GSNO and Cys-NO and showed that it proceeded second order with 

respect to the respective RSNOs. Tmjillo et al. (1998) have stiidied xanthine oxidase 



mediated decomposition of RSNOs in the presence of purine or pteridine substrates. 

Xanthine oxidase induced the GSNO and Cys-NO decomposition under aerobic 

conditions. This reaction was inhibited by Cu-Zn SOD due to the formation of 

superoxide which subsequently forms peroxynitrite as an intermediate during the 

reaction. Cu-Zn SOD was able to completely inhibit the decay of GSNO, but could only 

partially inhibit the decay of Cys-NO. Singh et al. (1996) proposed that the reduced 

metal ion decomposes RSNOs more rapidly when compared to oxidized metal ions, 

indicating that the reducing agents like glutathione or ascorbate can stimulate 

decomposition of RSNOs by chemical reduction of contaminant transition metal ions. 

1.6 Assaying techniques for NO 

RSNOs or thionitrites formed from primary or secondary thiols are usually red in 

color. Those formed from tertiary thiols vary in color from green to orange. They exhibit 

UV and visible absorption maxima around the wavelength of 335nm in the order of lO^M' 

'cm"' and 545nm in the order of 10M"'cm"' respectively. The protein nitrosothiols are an 

exception because their absorption are several fold greater. The sensitivity in such 

measurements is approximately of O.l-lOmM nitrosothiol concentration. 

RSNOs can also be analyzed by the Saville method (Saville, 1958) where the NO 

group is displaced from the RSNO using the mercuric ion. The NO thus liberated reacts 

under acidic conditions with sulfanilamide (SULF) to form a diazonium salt. This is 

fiirther treated with naphthyl ethylenediamine dihydrochloride (NEDD) to form an 

intense pink colored azodye that has a absorption maxima of 50000M"'cm"' at 540nm. 



This is also called the Griess method (Green et al., 1982) of assay. 

One among the most sophisticated methods to assay RSNOs is the 

chemiluminescence method, in this method the RSNOs are first converted to NO by a 

suitable technique like reduction using hydroiodic acid. A vacuum draws this gas into a 

reaction chamber where it is oxidized by ozone to form NO2 species this decays emitting 

IR radiation which is detected by a photomultiplier tube. 

Other standard methods include high performance liquid chromatography, 

election paramagnetic resonance, ionization mass spectrometry and gas chromatography. 

Cook et al. (1996) have proposed a modified colorimetric and fluorimetric assay using the 

SULF, NEDD and mercuric chloride or copper acetate. Pfeiffer et al. (1998) have 

developed a Clark-type NO electrode which detects the NO after it is homolytically 

cleaved in the presence of Cu"̂  generated from cupric nitrite using cysteine or GSH as the 

reducing agents. Chen et al. (2001) have prepared fluorophore labeled RSNOs and 

observed fluorescence enhancement upon removal of NO group which in tum was 

evaluated by transnitrosation or photolysis. 
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CHAPTER n 

BACKGROUND 

2.1 Chemistry of nitrosothiols 

RSNOs are considered to be the most stable forms in which NO can exist 

physiologically and are suitably referted to as reservoirs of NO. Nitrosothiols are defined 

as compounds that are obtained by S-nitrosation of primary, secondary, or tertiary thiols. 

The tertiary nitrosothiols being more stable than the primary nitrosothiols. The cysteine 

residue in number of proteins is feasible for such nitrosation and the most important 

protein being albumin (Stamler et al., 1992a). Nitrosothiols are represented by the general 

formula R - S - N = O. RSNOs were first synthesized in 1909 by Tasker and Jones. 

Such nitrosations are carried out in many different ways in vitro, some of the important 

ones being the nitrosation in the presence of organic nitrites and the acidified nitrite 

method. Some of the novel methods include nitrosation using the mild acids such as 

oxalic acid and sodium nitrite instead of the conventional mineral acids (Zolfigol et 

al.,1999) and silica sulfuric acid with sodium nitrite also under mild conditions (Zolfigol 

et al., 2001). The method which has been extensively used is the reaction of thiols with 

the acidified nitrite. This method of preparation seems to be of less significance 

physiologically. The RSNOs generated may be unstable like Cys-NO or stable like SNO-

Alb or GSNO. The acidified nitrite method of nitrosation is suitable for low molecular 

weight thiols such as glutathione, cysteine and for protein thiols like albumin. The 

scheme of nitrosation is given here 
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H+ 

RSH + HNO2 > RSNO + H2O (1) 

The above reaction proceeds in the presence of hydrogen ion that is generated by 

the dilute solution of the strong mineral acid. The primary and secondary thiols react 

quickly when compared to the tertiary thiols like albumin because the thiol in albumin is 

cysteine. Some researchers predict that even though thiols are an easy target for NO, the 

reaction leading to the formation of RSNOs does not occur, fristead the reaction is a slow 

oxidation ofthe thiol leading to the formation of disulfide and nitroxyl anion (Pryor et al., 

1982 and Hogg et al., 1996). This is represented as equation (2) given in Pryor et al. 

(1982). 

NO + 2RSH > RSSR + NO- + 2ff (2) 

Gow et al. (1997) have proposed a mechanism wherein the NO radical reacts 

directly with the reduced thiol to produce a radical intermediate RSN'OH. The 

intermediate thus formed reduces an electron acceptor to produce RSNO. The formation 

of RSNO in an anaerobic environment shows the dependence on the presence of an 

election acceptor as proposed in the mechanism. This mechanism is represented as: 

RSH + NO- ^ ^ - RSN'OH 

RSN-OH + O2 > RSNO + O^' 

O2- + NO- > ONOO-

RSH + 2N0- + O2 > RSNO + ONOO" 

Scheme2.1 

Under the influence of oxygen, NO is first oxidized to N2O3 which fiirther reacts 
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with RSH producing RSNO, the feasibility of this mechanism mainly depends on the 

extent to which NO reacts with oxygen /// vivo because the reaction rate is negligible. The 

scheme of which is represented as expressed in Hogg (2002). 

2N0 + V,0, y N2O3 

N,03 + RSH y RSNO + NO -̂ + H^ 

Scheme 2.2 

Another method used to synthesize RSNOs is the reaction of thiols with alkyl 

nitrites such as butyl nitrite and ethyl nitrite. These reactions are highly pH dependent. 

The reaction rate increases substantially with pH until a pH of 10, after which it becomes 

constant (Szacilowski et al., 2001). The mechanism for these reactions is: 

RSH ^ = ^ RS- + H-

RS- + R'ONO > RSNO+ R'O 

Scheme 2.3 

The reactivity of nitrogen oxides with cysteine and glutathione is on the order of 

5000 and 10000 respectively when compared to fertocyanide which has a selectivity of 

500. This binding ability is represented as the ratio of kg/ ki^o (Wink et al., 1991, 1993, 

1994) where the subscript s stands for either ofthe thiol group compounds or compounds 

with an affinity for NO group, kg is the rate constant for the reaction of thiols with NO 

and kH2o is the rate constant for the reaction of NO with dissolved oxygen in water. 

Some RSNOs like GSNO and S-nitroso-N-acetyl-D,L-pencillamine (SNAP) have 

been isolated in solid form. They can be stored at temperatures less than 4°C if they are 

protected from light and kept dry. The major component ofthe RSNO decomposition is 
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disulfide, fri physiological buffers RSNOs undergo rapid decomposition (Singh et al., 

1996b). Their stability in solutions depends on factors such as pH, temperature and 

oxygen content in those solutions and more importantly on the presence of trace metal ion 

concentration in the solutions. Careful control of the trace metal ion concentration can be 

achieved by adding specific chelants, but metal chelants have been shown to inhibit S-

nifrosation in oxyhemoglobin (Romeo et al., 2001). The use of any metal components 

anywhere during the process of preparation, handling or storage of RSNO can be a 

hindrance in achieving reproducible results with nitrosothiols as observed in our study. 

The half lives of various nitrosothiols vary from seconds to hours and in some cases days. 

Some RSNOs like Cys-NO are unstable inherently hence they have to be prepared just 

before use and should not be stored for more than one hour. RSNOs have a characteristic 

colors like green, red or pink making their identification easier in the UV-Visible spectra. 

Spectral monitoring is often used to monitor their decomposition. The extinction 

coefficients for the RSNOs have been mentioned in chapter 1. The stmctures of some of 

the RSH and RSNOs are given in figure 2.1. 

2.2 Decomposition of RSNOs 

RSNOs decompose both homolytically and heterolytically with the cleavage of S-

NO bond. Homolytic decomposition leads to the formation of a free radical NO where as 

heterolytic decomposition leads to the formation of ionic NO. The cleavage of S-NO 

bond occurs through a wide artay of agents like light, temperature and metal ions. The 

mechanism of homolytic and heterolytic decomposition are represented here 
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RSNO • > 

RSNO ^ 

RSNO > 

RS' + NO- (homolytic dissociation) 

RS^ + NO" (heterolytic dissociation) 

RS" + NO"̂  (heterolytic dissociation) 

Scheme 2.4 

B 

.CONHCHjCOOH 

^~ S^.v^NHCOCH2CH2CH(NH2)COOH 

i " 
Glutathione 

H ~ S 

L-Cysteine 

H—S 

,COOH 

7vrHCOCH3 

yCONHCHbCOOH 

ON- S\^A-NHCOCH2CItCH(NH2)COOH 

S-Nitrosoglutathione 

.COOH 

S-Nitroso-L-cysteine 

O N — S 

,COOH 

NHCOCH3 

SHa 
C H j 

N-Acetyl-DL-pencillamine S-Nifroso N-acetyl-DL-pencillamine 

Figure 2.1: Stmctures of common low molecular weight thiols (A) and cortesponding S-

Nitrosothiols (B) 

2.2.1 Thermal decomposition 

RSNOs are unstable compounds at room temperature. They decompose 
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continuously to give disulfides and NO. The thermal decomposition occurs in two stages 

firstly the RSNO undergoes homolytic cleavage to form thiyl radical (RS-) and NO 

radical (NO"). Then the thiyl radical dimerizes to form disulfide. This takes place mainly 

with the primary and secondary RSNOs but not with tertiary RSNOs because they are 

more stable. De Oliveira et al. (2002) studied the thermal stabihty of primary RSNOs, 

autocatalytic mechanisms, and dependence on stmcture. They also studied NO release 

from RSNOs like S-nitroso N-acetyl cysteine and GSNO loaded on a matrix made of 

pluronic F127 gel (Shishido et al., 2003) and on a polyethylene glycol matrix (Shishido et 

al., 2000). The thermal decomposition scheme is: 

RSNO > RS- + NO-

2RS- > RSSR 

Scheme 2.5 

2.2.2 Photolytic decomposition 

RSNOs decompose upon irtadiation with light especially in the ultraviolet region 

of 340nm and in the visible region of 545nm. This irtadiation results in the release of NO 

from GSNO the reaction being approximately first order (Sexton et al., 1994). The 

reaction takes place through homolytic cleavage resulting in the liberation of NO and the 

formation of thiyl radical. The thiyl radical reacts fiirther with the intact GSNO fomiing a 

disulfide and liberating NO or with the oxygen available forming the peroxy radical. The 

peroxy radical thus fortned reacts with GSNO giving disulfide and NO. These alternate 

paths are evident for the rapid decomposition of GSNO photolytically. Zhelyaskov et al. 

(1998) have concluded that the superoxide generated during photolytic decay and 
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EDTA complex. Neocuproine a Cu" chelant also halted the decay of RSNOs. Apart from 

free Cu-^ the Cu-* bound to amino acids, enzymes or proteins is accessible by the thiolate 

ion which reduces it to Cu\ Cu^ enables RSNO decay at a pH of 7.4 (Dicks et al. 1996). 

Based on these results one can say that the metal ions from metalloproteins can be used to 

stimulate RSNO decomposition in the presence of suitable reducing agents like thiolate 

or ascorbate ions. They also concluded that such decomposition might be very much 

dependent upon those ions which reduce Cû "" to Cu+. Noble et al. (2000) have proposed a 

mechanism for copper ion mediated RSNO decomposition which shows that Cu"̂  formed 

from the reduction of Cû ^ by the thiolate group, produced from the free thiol or from the 

hydrolytic break up of a RSNO catalyzes the further decomposition of RSNO (Stubauer 

et al. 1999) through the formation of an intermediate complex (not shown) thereby 

regenerating the Cû "" and the thiolate ion. They also observed that in the presence of 

metal ion chelants the decomposition is thwarted by the formation of chelant metal ion 

complex. The mechanism put forward by Noble et al. (2000) is as follows 

RSNO+ HjO ^ ^ RS- + NO2 + 2H" 

Cu2- + RS- > Cu" + RS-

Cu^ + RSNO > Cu2̂  + RS- + NO 

2RS- > RSSR 

Scheme 2.7 

Dicks et al. (1996) observed relatively less decomposition when Zn^ ,̂ Câ *, Mg^*, 

Nî *, Co^*, Mn^*, Cr̂ *' or Fê * were added, but addition of Fê "̂  did promote a slow decay 

of RSNO. Vanin et al. (2002) have extensively studied the role of iron and copper ions in 
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the decomposition of RSNOs. Cys-NO is the most unstable RSNO (Vanin et al., 2002). 

The experiments performed suggested that the presence of even trace amounts of copper 

led to decomposition of Cys-NO in contrast to GSNO which was more stable and 

required a reducing agent for its decomposition. Hĝ ^ also promoted a rapid decay but this 

is mainly used for analysis of RSNOs as Hĝ * presence can lead to toxicity in vivo. The 

effect of silver ions on the decay of RSNOs resulted in reactions similar to those of the 

mercury ion through the formation of a thiol metal complex as mentioned in 

(Szacilowski et al., 2001). 

Other metal ions which have been studied for their ability in decomposition of 

RSNOs include mthenium, rhodium, iridium and osmium as described in (Szacilowski et 

al., 2001). Selenium is a metal ion that has recently entered this artay of metal ions 

because it has the ability to catalyze in the presence of physiological thiols like 

glutathione and because of its presence in the physiological form as glutathione 

peroxidase an enzyme which can also inhibit the platelet aggregation as studied by Hou 

et al. (1996). Hou et al. (1996) found that diselenides like seleno-DL-cystine and 

selenocystamine dihydrochloride in the presence of thiols can catalyze the decomposition 

of RSNOs whereas the selenium containing enzyme GPx catalyzed these reactions in the 

absence of the thiols. The mechanism for the reactions has been described before in the 

previous chapter as proposed in (Hou et al., 1996). Because of all these factors, the 

decomposition of RSNOs and the related studies like the kinetics of decomposition, 

effects of various reducing agents on its catalyzing ability draws attention from areas 

like physiology, pharmacy, chemistry and chemical engineering. The following table 
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summarizes the various ions that have been studied and the effects of various metal ions 

on RSNO decomposition as put forward by various research groups. 

Table 2.1: Effects of various metal ions on RSNOs and their references. 

Metal ion 

Hg^-

Effects on RSNOs References 

! Reacts with RSNOs with NO or NOj as the 
end products. 

Rate was found to be first order with respect 
to both RSNO and the metal ion. 

Used as a analytical tool for RSNO 
determination. 

McAninly et al., 
1993. 

Swift etal., 1997. 

Moynihan et al., 
1994. 

Ag-

Fe^-

Cu^VCu-

Se 

Ru, Rh, fr and Os 

Reaction products are similar to the ones 
with Hg2-

Fe^- forms coordinate complexes with 
RSNOs. 

Fe^- catalyzes the RSNO decomposition. 

Decomposition rates increase with 
increasing copper ion concentration. 

EDTA halts the decomposition as it forms a 
very effective copper chelant. 

Ascorbic acid or any other reducing agent 
which can reduce Cû * to Cu* accelerates the 
RSNO decay. 

Selenol generated from reduction of 
diselenides induces RSNO decomposition. 

Metal ion complexes induces RSNO 
decomposition. 

Swift etal., 1997. 

Vanin etal. 1997, 
1998. 

Boesseetal. 1995. 

Wilhams 1999, 
1996. 

Askew etal. 1995. 

Dicks etal. 1996b, 
1997. 

Holmes etal. 1998. 

Noble etal. 1999. 

Hou etal. 1996. 

Richter-Addo, 1999. 

2.2.4 Effects of thiolate and ascorbate ions 

Thiolate and ascorbate ions are present physiologically and act as reducing agents 

for the metal ion induced decomposition of RSNOs. The decomposition rates of various 

RSNOs are dependent on the concentration of these ions. These ions are regenerated 

along with the metal ions once the decomposition takes place and hence are required 
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only in catalytic amounts. Exchange reactions between RSNOs and R'SHs take place 

when a thiol is made to react with a thiol having a different R group. The reactions of 

RSNOs with thiolate ion and ascorbate ion (Dicks et al., 1997 ) are represented 

schematically as: 

RSNO+ R'SH 7 ^ ^ RSH +R'SNO 

2RSN0+ C^HgO, ^ = ^ 2RS- +2N0 + C,H A + 2 H -

Scheme 2.8 

When RSNOs are generated with excess of nitrous acid, the thiolate ions are 

lowered to a level where they cannot reduce Cu-̂  and no Cu* is generated. Hence the 

decomposition is halted as shown in Dicks et al. (1997). This indicates that RSNOs can 

be stabilized by adding EDTA or by generating RSNOs with reasonable amounts of 

nitrite in excess. The addition of the parent thiol of an RSNO in low concentration 

results in an increase in the decomposition rate with increase in Cû * ions but further 

increase in addition of the thiolate ion results in decreased rate constant as mentioned in 

Dicks et al. (1996). They also found that at higher concentrations, copper ions were 

involved in the formation of complexes thereby making copper ions unavailable for 

reduction. With pencillamine, the copper ion was unavailable as pencillamine formed a 

good copper chelating agent. These studies show that any reducing agent that is capable 

of reducing metal ion to a state in which it can catalyze the RSNO decomposition can 

initiate such decay. Their study showed that ascorbate ions behave in a way very similar 

to that of the thiolate ion and proposed that ascorbate ions are the more probable 

candidates involved in such mechanisms in vivo over the thiolate ions. Our study showed 

25 



that there existed a point of inflection for the decay curves. 

Holmes et al. (2000) have come up with two distinct pathways for the reaction of 

ascorbate with RSNOs depending on the concentration of ascorbate in the reaction 

mixtures. At low ascorbate concentrations which led to the formation of cortesponding 

disulfide, NO is dependent on Cû ^ ions and is halted in the presence of EDTA whereas at 

higher concentrations of ascorbate ion this reaction is independent of existence of 

EDTA. Singh et al. (1996a) have studied the complex chemistry of the GSNO/GSH 

system by reaction of ImM GSNO with varying concentrations of GSH in phosphate 

buffer at pH-7.4. The products of this reaction vary depending on the concentrations of 

GSH and oxygen. The artay of products included ammonia, glutathione disulfide, nitrite, 

nitrous oxide and nitric oxide depending on the reaction pathways. 

Iwatsuki et al. (1997) have shown that physiological levels of reducing agents 

such as GSH, ascorbic acid and cysteine did increase the rate of decomposition of 

RSNOs. Their results indicated that ascorbic acid was more potent than cysteine and 

GSH. In vivo studies in guinea pig aorta carried out by Xu et al. (2000) on the 

decomposition of GSNO have shown that ascorbic acid was dependent on transition 

metal ions for inducing the decay of GSNO where as GSH by itself was sufficient to 

induce decay of GSNO even in the absence of transition metal ions which is contrary to 

what has been observed in vitro. Scorza et al. (1997) studied the stability of SNO-Alb and 

GSNO in human plasma in the presence of ascorbate and protein thiols. They found that 

these RSNOs were unstable in human plasma with the continuous release of NO which is 

contrary to their behavior in physiological buffers in which they were found to be stable. 
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2.3 Analytical chemistry of S-nitrosothiols 

2.3.1 Spectral method of analysis 

RSNOs have their UV and visible absorption maxima at 330nm with the 

extinction coefficient of about lO^M-'cm"' and around 540nm with the extinction 

coefficient of about lOM-'cm"' with exceptions in some cases like SNAP for which it is 

590nm. They also have strong characteristic peak at 220nm which indicates the 

existence of thiol group. The protein RSNOs have extinction coefficients that are much 

higher. Hence these can be detected spectrophotometrically using a UV- Visible 

spectrophotometer. The detection principle follows the Beer Lambert's law which states 

that the absorbance due to a particular component in the solution placed in a cuvet or a 

cell of known light path is directly proportional to the concentration ofthe the component 

in the solution, this remains tme for dilute concentrations of the solute in the solvent. 

Mathematically it can be expressed as 

A = e L C (3) 

where, A is the absorbance and is dimensionless, e is the extinction coefficient of the 

particular component with respect to the solvent used and has the dimensions of M-'cm"'. 

at a particular wavelength, L is the light path expressed in cm, C is the concentration 

expressed in M. 

A calibration plot with known quantity of the solute in a particular solvent is 

generated over the required range using serial dilution. Then, measuring the absorbance 

of the unknown solution at the same wavelength for the same component, the 

concentration can be obtained by interpolating using the calibration chart. 
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2.3.2 Saville reaction 

Saville developed a colorimetric method in 1958 for the detection of micro 

quantities of thiols. In this method, RSNOs were formed in the intermediate step. He used 

cysteine to demonstrate the scheme of reaction given here: 

RSH + HNO, ^ ^ 1 ^ RSNO + H,0 ^2^ 

RSNO ^il^ HNO2 

HNO2 SUL_F + NEDD , , ^ ^ye 

HNO, N H ^ N H , NH,HS04 + N, +Rfi 

Scheme 2.9 

The thiol is reacted with acidified nitrite to generate S-nitrosothiol, which is then 

made to react with salts like mercuric chloride, silver nitrate or mercuric acetate along 

with sulfanilamide (SULF) forming a diazonium salt. This salt is coupled with aromatic 

amine to form an intensely colored product, azo dye, which at 540nm has the extinction 

coefficient of 50000M"'cm-'. In order to remove excess nitrous acid, the solution can be 

made to react with ammonium sulfamate thus liberating nitrogen. 

2.3.3 Method of chemiluminescence 

These analyzers were primarily used for determination of NO and related 

compounds. The compound to be analyzed is subjected to gas chromatography and high 

performance liquid chromatography. The NO compounds are first converted to NO by a 

suitable method photolytically or NO by pyrolysis. The NO is dravm into the reaction 

chamber where it reacts with O3 resulting in the formation of NO2 radical which further 

decays to stable nitrite emitting infrared radiation. This radiation is sensed by a sensitive 
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photomultiplier tube. The scheme of occurtences of these steps is: 

RSNO > NO + RS

NO + O3 > NO2- + O2 

NOj- > NO + hv 

Scheme 2.10 

2.4 Kinetics of nitrosothiol formation and decomposition 

Reaction kinetics play an important role both in the formation and decomposition 

of nitrosothiols in vitro and in vivo because it helps one establish the parameters like the 

rate constants, equilibrium constants, half life, and extent of reaction. These parameters 

are essential in predicting the reaction mechanism. Finally, these parameters form an 

essential set of data when a dmg delivery system is to be tested successfully. This study 

as applied to pharmaceuticals is called pharmacokinetics. 

Kinetics of rutrosation of thiols by the acidified nitrite method has been studied 

extensively by Aired et al. (1982), Dix et al. (1984), and Monis et al. (1988). Dix et al. 

(1984) have proposed the following mechanism (4) and the cortesponding rate law (5) 

RSH + HNO2 > RSNO+ H2O (4) 

d[RSNO] / dt = k [ HNO2] [RSH] [ff ] (5) 

Nitrosation reactions cartied out in the presence of alkyl nitrites as mentioned in 

the scheme 2.2 are govemed by the rate law as proposed by Patel et al. (1990) 

d[RSNO] / dt = K [RS-] [R'ONO] / (K,+[H-]) (6) 

Gow et al. (1997) proposed a mechanism for the formation of RSNO in vivo which was 
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second order with respect to NO and first order with respect to cysteine for the formation 

of Cys-NO. The overall chemical reaction (7) and rate equation (8) are given below 

Cys +2N0-+ O2 = ^ = ^ Cys-NO + 0 N 0 0 - (7) 

d[Cys-N0] /dt = k [Cys] [NO]^ (8) 

Kharitonov et al. (1995) studied the nitrosation reactions of thiols by NO which 

involved a wide range of thiols from glutathione, cysteine, bovine semm albumin, human 

serum albumin and N-acetylcysteine in the presence of Oj. The nitrosothiol formation for 

all these thiols was first order in O2 and second order in NO concentrations and was 

dependent on thiol concentrations at low thiol concentrations. The rate constants of 

150000-300000M"'s-' were determined for nitrosation of cysteine, glutathione and acetyl 

cysteine where as that for the nitrosation of albumin was 6000-30000M"'s"'. 

The kinetics of decomposition of RSNOs has been studied by Jourd'heuil et al. 

(1999) they calculated the maximum velocity V^̂ ^ for the reaction of GSNO and Cu-Zn 

superoxide dismutase (Cu-Zn SOD) in the presence of GSH which was found to be 

6.7|iM/min and Michaelis Menten constant K^ of 5.6[M at 37°C. They found that the 

Mn-SOD did not promote such decay. Smith et al. (2000) have studied the kinetics of 

GSNO decay with ascorbic acid and copper ions. They found that this reaction was 

predominantly dependent on pH and the ascorbic acid anion (A^) was more reactive than 

the ascorbic acid (AH2). Superoxide mediated decomposition GSNO and Cys-NO was 

studied by Aleryani et al. (1998) in which they calculated the 2"'' order rate constants to be 

76900M-'s-' for Cys-NO and l2800M-'s-' for GSNO. Photochemical release of NO from 

GSNO in solution for its potential applications in photochemotherapeutic applications has 
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been found to be of first order with the rate constant of 4.9 x I0"̂ s"' as studied by Sexton 

etal. (1994). 

2.5 Transnitrosation 

The reaction between a nitrosothiol and a compound containing -SH group to 

which NO group is transferted is referted to as a transnitrosation reaction. These reactions 

are important because they form the foundation by which NO related biological activities 

are regulated in vivo. The mechanisms of such transnitrosation reactions are not 

completely knovra and the parameters that govem these reactions are rarely found such as 

the equilibrium constants for physiologically relevant thiols. Scharfstein et al. (1994) and 

Liu et al. (1998) have proposed transnitrosation reactions in which the NO group is 

fransferted from a RSNO to another similar thiol both in vitro and in vivo. Tsikas et al. 

(1999) have studied the transnifrosation reactions of various thiols like GSNO, Cys-NO, 

Alb-SNO, S-nifrosoacetyl cysteine (SNAC), S-nitrosohomocysteine (SNHC), and SNAP 

in aqueous buffer solution at pH 7.4. Tsikas et al. (2001) have proposed that albumin is 

transnitrosated both in vivo in rats and in vitro by Cys-NO and GSNO. The reaction 

mechanism proposed is: 

GSNO + Alb ^ ^ GSH + SNO-Alb 

Cys-NO + Alb ^ = ^ Cys + SNO-Alb 

Scheme 2.11 
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The following table reproduced from Tsikas et al. (1999) gives the equilibrium constants 

for various fransnitrosation reactions 

Table 2.2: Equilibrium constants for various systems of S-nitrosothiols and their thiols. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

Reactions 

[A + B ^ = ^ C + D] 

GSH + Cys-NO = GSNO + Cys 

GSH + SNAC = GSNO + NAC 

GSH + SNAP = GSNO + NAP 

Cys + SNAC = Cys-NO + NAC 

Cys + SNAP = Cys-NO + NAP 

NAC + SNAP = SNAC + NAP 

H-Cys + GSNO = SNHC + GSH 

H-Cys + Cys-NO = SNHC + Cys 

H-Cys + SNAC = SNHC + NAC 

GSH + Alb-SNO = GSNO + Alb 

Cys + Alb-SNO = Cys-NO + Alb 

Equilibrium Constant 

Ke, = ([C] [D]) / ([A] [B]) 

1.89 

0.35 

6.67 

0.2 

2.89/9.34 (unstable) 

7.67 

2.09 

5.01 

1.22 

0.59 

0.75 

Similar studies have been carried out by Meyer et al. (1994) for thiol exchange 

between glutathione, cysteine, pencillamine and semm albumin. Hogg (1999) has studied 

the kinetics of transnitrosation between thiols and RSNOs and proposed that this reaction 

plays an important role in signal transduction. Hogg (1999) has suggested a second order 

reversible model which fits these reactions and the parameters calculated from this model 

were used to obtain the forward and the backward rate constants, the equilibrium constant 

at physiological temperature of 37°C and pH of 7.4. The systems stiidied included SNAP 

and GSH, GSNO and H-Cys, GSNO and Cys. 
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2.6 Disulfide formation chemistry 

Disulfides are the most common products that are formed during the 

decomposition of a RSNO. These are formed by the dimerization of the thiyl radical of 

the RSNO. They are formed when a nitrosation reaction of the thiol is carried out under 

anaerobic conditions as described in section 2.1. Hogg et al. (1996) have laid down the 

mechanism for thiol nitrosation under anaerobic conditions which is: 

GSH + NO- ^ = ^ GSNO-H 

2GSN0-H > GSSG + HONNOH 

HONNOH > N2O + H2O 

GSNO-H +N0- > GSOH + N2O 

GSOH +GSH > GSSG + H2O 

Scheme 2.12 

Singh et al. (1996a) have outiined the various routes by which a disulfide is formed 

when a nitrosothiol like GSNO reacts with a thiol like glutathione. The disulfide formed 

is often referted to as the oxidized form of glutathione. The different paths through which 

the GSNO can react may lead to formation of different products like ammonia under 

anaerobic conditions, nitrous oxide and water, nitrous acid and nitrite, and NO all three 

under aerobic conditions but all these have one product formed in common along with 

them which is the disulfide. Singh et al. (1996a) carried out reaction of GSNO with GSH 

and analyzed using HPLC. They found that the disulfide formation increased with 

increase in concentration of GSH and the amount of disulfide formed was the same under 

aerobic and anaerobic conditions. The parts of the mechanism which are under aerobic 
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conditions are outlined from (Singh et al., 1996a) 

GSNO+GSH ^ = ^ GS-NOH-SG 

2GS-N0H-SG > GSNOH + GS 

GS + GSNO ^ = ^ GSSG+ NO 

Scheme 2.13 
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CHAPTER m 

MATERIALS AND METHODS 

3.1 Materials used 

Concentrated hydrochloric acid 37.3% by weight of HCl specific gravity 1.18 was 

purchased from Mallinckrodt Baker Inc., Paris, KY, sodium nitrite (NaN02) of 99.7% 

purity, phosphate buffer packet containing potassium phosphate monobasic (KH2PO4) 

78% by weight and sodium phosphate dibasic (Na2HP04) 22%) by weight, water (H2O) of 

HPLC grade, and sodium hydroxide (NaOH) of 97.6%) purity were all purchased from 

Fisher scientific. Fair lawn, NJ, L(+)-cysteine (C3H7NO2S) of 99% purity, glutathione 

(C10H17N3O6S) in reduced form of 98%) purity, L(+)-ascorbic acid (CsHgOe) of ACS 

reagent grade, sodium borohydride (NaBH4) of 98%o purity and L(+)-selenocystine 

(C6H,2N204Se2) of 98%o purity were all purchased from Acros organics, NJ, 

selenocystamine dihydrochloride (C4H,2N2Se2.2HCl) of 98% purity was purchased from 

Sigma-Aldrich chemical Company, St. Louis, NJ and ammonium hydroxide (NH4OH) 

solution containing 28-30%) as NH3 was purchased from EM Science, Gibbstown, NJ, 

high purity nitrogen gas purchased from Airgas fric, Radnor, PA. 

3.2 Preparation of standard solutions 

3.2.1 Preparation of standard reagents 

A solution of IN HCl was prepared by taking 8.3ml ofthe concentrated HCl and 

filled up to the mark by adding HPLC grade water in a 100ml volumetric flask. The 
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resulting solution was used to prepare GSNO and to adjust the final pH of the reaction 

mixture. A solution of ammonium hydroxide of pH 10 was prepared by taking 100ml 

HPLC grade water in a beaker and adding concentrated NH4OH. The resulting solution 

was used to dissolve L(+)-Selenocystine (Se-cys). A solution of 2N NaOH was prepared 

by taking 8g of NaOH flakes and fill up to the mark by adding HPLC grade water in a 

100ml volumetric flask. This solution was used to adjust the pH ofthe reaction mixture. 

These solutions were prepared once a week. A 0.5M solution of sodium nitrite was 

prepared by dissolving 345mg of sodium nitrite salt in 10ml ice cold HPLC grade water, 

ft was prepared just before use and stored on ice or refreeze bricks. 

3.2.2 Preparation of standard catalyst solutions 

A solution of ImM Se-cys was prepared by dissolving 1.7mg of Se-cys in 5ml of 

ice cold NH4OH solution of pH-10. When high concentrations of Se-cys solution were 

required, l.7mg of Se-cys powder was dissolved in 2.5ml of ice cold pH-lO NH4OH 

solution to obtain a 2mM solution. Since Se-cys was not readily soluble, it was kept on a 

shaker at about lOOOrpm for 30 minutes. Higher concentrations of Se-cys were not made 

as it had a solubility hmit of 2.35mM (Huber, et al. 1967). This solution was stored on ice 

or on a refreeze gel. A solution of ImM selenocystamine dihydrochloride (Se-cym) was 

prepared by dissolving 1.7mg of Se-cym powder in 5ml of HPLC grade water. When high 

concentrations of Se-cym solution were required, 1.7mg of Se-cym powder was dissolved 

in 1ml of HPLC grade water. This solution was stored at room temperature. Se-cym was 

freely soluble in comparison with Se-cys as it is a salt. The above solutions were prepared 

fresh each day as they have a tendency to undergo hydrolysis. (Huber et al., 1967) 
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3.2.3 Preparation of reducing agent solutions 

A solution of lOmM or 20mM (when high concentrations were required) 

glutathione were prepared by dissolving 30.7mg of glutathione in 10ml and 5ml of ice 

cold HPLC grade water respectively. This solution was prepared just before use and 

stored on ice or refreeze bricks. A solution of lOmM or 20mM (when high concentrations 

were required) L(+)-Ascorbic acid were prepared by dissolving I7.6mg of L(+)-Ascorbic 

acid powder in 10ml and 5ml of ice cold HPLC grade water respectively. This solution 

was stored at room temperature and was prepared fresh before use. A solution of 20mM 

sodium borohydride was prepared by dissolving 7.6mg of sodium borohydride in 10ml of 

HPLC grade water. This solution was also prepared fresh just before use as sodium 

borohydride reduces water to hydrogen gas and effervesces spontaneously. This solution 

was stored at room temperature. 

3.2.4 Preparation of standard buffer solution 

1 packet of phosphate buffer salt containing about 5.5g ofthe salt was dissolved in 

IL of HPLC grade water and the pH ofthe resultant buffer solution was adjusted close to 

the pH of 7.35 at room temperature. This solution was prepared once a month. 

3.2.5 Preparation of a nitrosothiol 

Nitrosoglutathione, (GSNO), a low molecular weight nitrosothiol was prepared by 

the acidified nitrite method (Hart, 1985) 30.75mg of glutathione was measured in a 2ml 

centrifuge tube preferably amber colored or covered with aluminum foil to which 520nL 

of ice cold HPLC grade water was added followed by the addition of 250|J,L of standard 

ice cold IN HCl solution and 200|a,L of standard ice cold 0.5M sodium nitrite solution. 
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They were added in the same order because adding the nitrite solution before adding the 

HCl solution or the water would generate NO from nitrous acid as glutathione itself was 

acidic in nature in a solution and hence had the ability to generate some NO by itself The 

addition of HCl helps in acidifying the reaction mixture and generating NO from sodium 

nitrite which reacts with the thiol group to form the product nitrosoglutathione. The 

reaction proceeds to near completion in about 30-45 minutes under ice cold conditions. 

The product thus formed was stable at acidic pH of 2-4 and was stored on ice or refreeze 

bricks protected from light source in order to avoid thermal decomposition and photolytic 

decomposition. The solution was prepared fresh just before use. The final concentration 

of the product was about 103niM. Special care should be taken to avoid any metal 

apparatus diuing the above preparation as it may lead to the generation of metal ions that 

have the ability to catalyze the decomposition of GSNO. 

All the solutions that were prepared were purged with nitrogen so as to reduce the 

oxygen content in the solutions. In some cases, water purged with nitrogen was used to 

prepare solutions that were needed in small quantities. 

3.3 Preparation ofthe reaction mixture 

The reaction mixture constitiited different combinations of each of the three 

reducing agents, each ofthe two catalysts and the reactant GSNO whose decay was to be 

followed. The pH of this mixture was adjusted to a pH of physiological relevance which 

was about 7.37. This was done by carefiilly adding either 2N NaOH or IN HCl when the 

mixture was acidic or basic respectively. The reaction mixtiire was made up to a total 
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volume of 3ml by adding the phosphate buffer solution prepared above. A sample cell 

containing only ImM GSNO as the final concentration and the buffer was placed and the 

absorbance reading was recorded by taking only buffer solution in the reference cell. The 

absorbance was zeroed at a wavelength of 800nm. This is the initial absorbance reading 

of ImM GSNO at time zero. The amount of NaOH or the HCl to be added to the reaction 

mixture was determined. A fresh reaction mixtiire was prepared in a cuvet by taking the 

required quantity of buffer, then the amount of NaOH or HCl determined from the above 

followed by simultaneous addition of the catalyst solution and the reducing agent 

solution. The reaction mixture was mixed well with the Finnpipette. The 

spectrophotometer was operated in the kinetic mode at a wavelength of 334nm. The last 

stage was the addition of about 30^L of lOOmM GSNO so as to form a mixture whose 

initial GSNO concentration was ImM. The time lag between addition of the catalyst-

reducing agent mixture and GSNO was kept as low as possible. This was subjected to 

rapid mixing using the Finnpipette in the initial 20-30 seconds and the first decay reading 

was noted. The lag was set to 10 seconds and the time scale was set to 590 seconds with 

the interval of 10 seconds between each reading. This was done in order to follow the 

decay carefully in the initial 10 minutes ofthe reaction. After this period the decay was 

followed by keeping the same lag time and changing the time scale to either 3590 seconds 

(if the decay was fast) or 5990 seconds (if the decay was slow) and the interval of 100 

seconds. The kinetic mode had the time scale limit of 5990 seconds, hence if there was a 

need to follow the decay fiirther, the time scale was set as above keeping all other 

parameters constant. The temperature in the specfrophotometer chamber was recorded 
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and was found to be 25°C. In case of sodium borohydride as the reducing agent there was 

much effervescence which caused bubbles to form. The bubbles affected the absorbance 

reading so the cuvet chamber was intermittently opened at regular intervals and the 

solution contained in the cuvet was mixed. A set of experimental mns were also 

performed with the catalyst in the absence of reducing agents, with the reducing agents in 

the absence of catalysts and one in the absence of both reducing agent and the catalyst. 

The following table gives the various combinations of catalyst and reducing agents used 

along with ImM GSNO to study the decay of GSNO over time. The number of trial mns 

was 2 and 3. 

Table 3.1: Different combinations ofthe reaction mixture that were used for the study. 

Catalyst concenfration 

Se-cys-50^M 

Se-cys-200^iM 

Se-cys-500)iM 

Se-cym-50^M 

Se-cym-200^M 

Reducing agent concentration 

Glutathione-200^M; 500|iM; ImM 

L(+)-Ascorbic Acid-200^M; 500^M; ImM 

Sodium borohydride-200^M; 500^M; ImM 

Glutathione-200^lM; 500nM; ImM 

L(+)-Ascorbic Acid-200)iM; SOOfiM; ImM 

Sodium borohydride-200^M; 500^M; ImM 

Glutathione-200^M; 500nM; ImM 

L(+)-Ascorbic Acid-200nM; SOO îM; ImM 

Sodium borohydride-200^M; 500|iM; ImM 

Glutathione-200^M; 500^M; ImM 

L(+)-Ascorbic Acid-200nM; SOO^M; ImM 

Sodium borohydride-200|iM; 500^M; ImM 

Glutathione-200|iM; SOO îM; ImM 

L(+)-Ascorbic Acid-200^M; 500nM; ImM 

Sodium borohydride-200nM; 500|iM; ImM 
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Catalyst concenfration 

Se-cym-500nM 

No catalyst 

Se-cys-50^M; 200|xM; 500^M 

Se-cym-50^M; 200^M; 500^M 

No catalyst 

Reducing agent concentration 

Glutathione-200^M; 500|aM; ImM 

L(+)-Ascorbic Acid-200|iM; 500^M; ImM 

Sodium borohydride-200^M; 500|iM; ImM 

Glutathione-200|iM; 500|iM; ImM 

L(+)-Ascorbic Acid-200^M; SOO^M; ImM 

Sodium borohydride-200^M; 500|iM; ImM 

No reducing agents 

No reducing agents 

3.4 Method of Analysis 

The decomposition of GSNO in our experiments was analyzed as a measure of decrease 

in the absorbance of GSNO at a characteristic peak of 334nm. As mentioned earlier, the 

characteristic peak at 334nm has the extinction coefficient on the order of lOOOM-'cm"'. A 

sample absorbance curve fig 3.1 for GSNO has been replotted using imageJ software, an 

open source downloaded from http://rsb.info.nih.gov/ij/. 
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200 300 700 800 400 500 600 

Wavelength, nm 

Figure 3.1: Characteristic absorbance of GSNO at 334nm (major peak) and 540nm 

(minor peak) 

As we can see from the figure 3.1, there also exists a small peak at 540nm whose 

magnitude is 1000 times less than the one at 334nm. The extinction coefficient of this 

peak is ofthe order of lOM-'cm"'. Since this was small and it was difficult to follow the 

decay at the wavelength of 540nm, the 334nm characteristic peak was chosen. 
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Figure 3.2: Extinction coefficient of GSNO s = 944M-'cm-' 

The extinction coefficient of GSNO was verified by using the method of serial 

dilution and measuring the absorbances of those serially diluted solutions. The 

absorbances of these serial dilutions were measured at 334nm and were plotted against 

concentration as shown in figure 3.2. The slope of this line was found to be close to the 

value of lOOOM-'cm"' found by most researchers. There have been differences over this 

value in the literature due to the differences in quality of water, the contaminant metal 

ions that it possesses, the nature of the chelant used to eliminate the contaminant metal 

ions and the type of buffer used. Some of them are as follows 960M-'cm-' at 336nm 

(Gordge et al., 1995), 770M-'cm-' at 333.5nm (Scorza et al., 1997, Piefraforte et al., 

1995), 586M-'cm-' at 335nm (Stamler et al., 1998), ISM-'cm"' at 545nm (Gordge et al.. 
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1995, Goldstein et al., 1996 and Stamler et al., 1998). The highest measured value ofthe 

absorbance or the absorbance at time zero was used to normalize the absorbance readings 

as the ratio of the absorbance was the measure of dimensionless concentration according 

to the Beer-Lambert's law which states that 

Applying this law at the time t = 0 and at any given time t during the decay for a 

constant path length L expressed in cm and the extinction coefficient e expressed in 

M-'cm"' we get the following equations where the concentrations Co and C, are expressed 

inM, 

Ao = £LCo (1) 

At = e L C, (2) 

Dividing the equation (2) by equation (I) we get, 

(A,/Ao) = (Ct/Co) (3) 

where At and Ao are the absorbance values measured at any given time t and at time t=0, 

the corresponding values of concentration are represented by Ct and Co respectively. 

This ratio of the absorbance gives a measure of the dimensionless concentration 

which was plotted against time to obtain the rate curves. 

3.5 Kinetic simulation ofthe GSNO/RSe-SeR/GSH system. 

The following reaction scheme was proposed and reasonable initial rate constant 

guess was made to the set of reactions proposed. The initial conditions were chosen from 

the experimental system. Simulation was mn using NMinimize function on 

MATHEMATICA version 5.0 which uses the Nelder-Mead method for optimizing a non-
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linear system. This method is one ofthe extensively used tools (Lagarias, et al., 1998) in 

the field of chemistry, chemical engineering and biomedical sciences. The following 

scheme gives the set of reactions that were proposed 

Dissociation of GSH in aqueous solution. 

GSH ^ = ^ GS" + H" (4) 

This reaction was assumed to be reversible, the forward reaction being first order 

and the backward reaction is second order. This reaction resulted in the formation of 

thiolate ion and the cortesponding proton. The forward reaction rate constant was ki and 

the backward reaction rate constant was k^ 

Dimerization ofthe thiolate ion. 

GS" + GS" > GSSG + 2e" (5) 

This reaction was assumed to be irteversible and second order. This resulted in the 

formation of cortesponding glutathione disulfide. The rate constant was k2 

Selenol formation. 

R-Se-Se-R + 2H^ ^ = ^ 2R-Se-H (6) 

This reaction was assumed to be reversible, the forward reaction being third order and the 

backward reaction is of second order. This resulted in the reduction of the diselenide 

molecule leading to the formation of selenol. The forward reaction rate constant being k3 

and the backward reaction rate constant being k3r 

Formation of mixed seleno-sulfide. 

R-Se-Se-R + GSSG ^ = ^ 2GS-Se-R (7) 

This reaction was assumed to be reversible, the forward reaction and the backward 
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reaction both being second order. This resulted in the fonnation of a mixed seleno-sulfide 

compound. The forward reaction rate constant is k4 and the backward reaction rate 

constant is k4r 

Formation of an intennediate. 

GSNO+R-Se-H ^ = ^ GSNO-R-Se-H (8) 

This reaction was assumed to be reversible, the forward reaction being second order and 

the backward reaction is of first order. This resulted in the formation of a reactive 

intermediate. The forward reaction rate constant is ks and the backward reaction rate 

constant is ksr 

Dissociation ofthe intermediate. 

2GSN0R-Se-H > GSSG + 2 N 0 +2R-Se-H (9) 

This reaction was assumed to be a irteversible reaction in second order. This resulted in 

the cleavage ofthe NO molecule from the intermediate. The rate constant is ke. 

Oxidation ofthe selenol. 

2R-Se-H+02 > O2- + R-Se-Se-R + 2H^ (10) 

This reaction was assumed to be irteversible and second order. The oxygen concentration 

was assumed to be constant. This resulted in the oxidation of the selenol and the 

generation of a active molecule like the superoxide. The rate constant is ky 

Superoxide mediated decomposition of GSNO. 

2GSNO+02-+2e- > GSSG + 2 N 0 + O2 (11) 

This reaction is assumed to be irteversible and third order. This reaction was assumed due 

to the high reactivity of the superoxide radical. The products of this reaction were 
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glutathione disulfide and NO. The rate constant is kg 

ProtonationofGSNO. 

GSNO+ H" > GSH + NO (12) 

This reaction was assumed to be irteversible and second order. This reaction was 

assumed to be very slow in comparison with the other reactions above. The product was 

the regenerated GSH. The rate constant is kg 

Protonation of selenosulfide. 

GS-Se-R +H^ ^ ^ R-Se-H + GS" (13) 

This reaction was assumed to be reversible with both forward and backward reactions of 

second order. This resulted in the regeneration of selenol and the thiolate ion. This 

reaction was also assumed to be very slow. The forward reaction rate constant is kio and 

the backward reaction rate constant is kior 

Thiolate ion reduction of GSNO. 

GSNO+ GS" ^ GSSG + NO (14) 

This reaction was assumed to be irteversible in second order and this reaction was 

assumed to be the slowest reaction. The rate constant is kn 

Oxidation of GSH 

2GSH + O2 > GSSG + H2O (15) 

This reaction was assumed to be irteversible in second order. This resulted in the 

oxidation of GSH resulting in the formation of the cortesponding disulfide. The rate 

constant is kn-

51 



Superoxide decay 

02- + 4H^ y 2H2O (16) 

This reaction is assumed to be a irteversible reaction in first order. This resulted in the 

oxidation of protons and resulting in the formation of water. The rate constant is ku 

Reduction of glutathione disulfide 

GSSG+ 2H^ > 2GSH (17) 

This reaction is assumed to be irteversible reaction in third order. The glutathione 

disulfide formed is reduced to glutathione by the protons. The rate constant is kn. 

The system of ODEs was set up for the rate of change of all reactant species 

except for oxygen and water for which this rate of change was assumed to be constant. 

The rate coefficients used in the system of ODEs have the subscript numbers indicate the 

forward reaction if it is a reversible reaction and the number along with subscript r 

indicates that it is the cortesponding backward reaction. The function NDSolve was used 

to solve the system of the above ODEs, for consistency of the above ODE system a mass 

balance was evaluated at certain initial conditions at zero time, an intermediate time, and 

a final time. It was found that there was species balance for the thiolate ion, diselenide 

group, the NO group and there was some decrease in proton due to its reaction with 

reactive oxygen species resulting in the formation of water. The system of ODEs are put 

forward in the following page. 
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CHAPTER IV 

RESULTS AND DISCUSSION 

In this chapter we have presented the experimental results obtained from the 

GSNO/GSH/Se-cys, GSNO/GSH/Se-cym system and these experimental curves were 

compared with the kinetic simulation results obtained from the proposed mechanism. 

GSH was used because it acts as a reducing agent physiologically. As a comparative 

experimental study GSNO/AA/Se-cys and GSNO/AA/Se-cym system was studied 

because AA is also a reducing agent which has physiological sigruficance. A comparative 

study was also performed with a GSN0/NaBH4/Se-cys and GSN0/NaBH4/Se-cym 

system since NaBH4 was a strong inorganic reducing agent. In this section the GSNO 

decay curves are presented. The decay curves are plotted as normalized absorbance vs 

time. Normalized absorbance is directly proportional to normalized concentration as we 

have mentioned in chapter three which is in accordance to the Beer-Lambert's law. 

4.1 Experimental results with reducing agent only, catalysts only 

and absence of both reducing agent and catalyst. 

This section deals with the set of experiments where the GSNO decay was 

followed in the presence of only reducing agents and only catalysts. A set of experiment 

was performed in the absence of both the catalyst and the reducing agent. These curves 

are put forward in the following pages. 
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Figure 4.1: Decay of ImM GSNO in the absence of reducing agent and catalyst. 

In our experiments we found that GSNO was stable in buffer solutions because 

the buffer was prepared from the HPLC grade water and there was neither interference 

from contaminant metal ions nor from the chelants that have been used in the literature 

to reduce the effect of contaminant metal ions on the rapid decay of GSNO. Our decay 

curves did not comprise of the effect of the contaminant metal ions and of the chelants 

used to halt the decay induced by contaminant metal ions. The half life of GSNO has 

been found to be ofthe order of hours in the literature because the reactions were carried 

out either in buffers treated with chelants or they were carried out in water contaminated 

with metal ions. In our experiments the half life was in days. 
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Figure 4.2: Decay of GSNO with varying concentrations of Se-cym only. 
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Figure 4.3: Decay of GSNO with varying concentrations of Se-cys only. 

From Figures 4.2 and 4.3 it is clear that diselenides like Se-cym and Se-cys by 

themselves do not have the ability to catalyze the decomposition of GSNO. The initial 

drop in the GSNO concentration is probably due to the unreacted GSH which is present 

along with GSNO that has the ability to generate selenol from the diselenides which 

results in some decomposition in the initial stages. Diselenides in the presence of 

reducing agents form selenols rapidly. These selenols catalyze the decomposition of 

GSNO (Hou et al., 1996). 
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Figure 4.4: Decay of ImM GSNO in the presence of varying concentrations of GSH. 

From the figure 4.4 it is evident that GSH alone does not possess the ability to 

catalyze the decomposition of GSNO. The initial drop in GSNO concentration may be 

attributed to the attainment of equilibrium between GSNO and its cortesponding thiol 

GSH (Meyer et al., 1994). This equilibrium is disturbed when large concentrations of 

GSH are added hence there is some initial drop for GSNO containing ImM GSH. 
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Figure 4.5: Decay of ImM GSNO in the presence of varying AA concentrations. 

From the figure 4.5 it is clear that ascorbic acid by itself has the ability to bring 

about the GSNO decay even in the absence of diselenide. The reaction of GSNO occurs 

with all three reductant species that exist when AA is in aqueous solution, they are AA by 

itself, ascorbate (HA) and free radical A'" For the physiological pH value of 7.4 that we 

have carried out our experiments the ascorbate is the species which is present in large 

excess over the free radical or the ascorbic acid. Over 99%) of ascorbic acid exists as 

ascorbate in solution.(Smith et al., 2000). The decomposition of GSNO occurs through 

the ascorbate ion through the formation of a complex thereby liberating NO (Smith et al., 

2000). 
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Figure 4.6: Decay of ImM GSNO in the presence of varying concentrations of NaBH4 

From the figure 4.6 it is clearly evident that the initial decay is not brought about 

by the reducing ability of NaBH4 but it is due to the unreacted GSH present with GSNO 

which tries to attain equilibrium with the cortesponding thiol (Meyer et al., 1994). 
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4.2 Experimental results of GSNO/GSH/Se-cvs system 

The decay curves presented in the subsequent pages represent the effects of changes in 

concentration of GSH and Se-cys. One characteristic feature that is observed from the 

curves obtained for 50^M Se-cys along with 200|iM / SOÔ iM / ImM GSH concentration 

is the steep decay in the first few seconds, the magnitude of this decay was about 0.1 for 

all the curves represented by figures 4.7, 4.8 and 4.9 respectively. Part ofthe steep drop is 

due to the unreacted GSH present along with the GSNO which tries to attain equilibrium 

as mentioned in earlier figures. Some of the GSH added as a reducing agent into the 

reaction mixture also contributes for this steep drop. With the increase in GSH the 

amount of selenol generated is higher hence the decay is faster with increasing 

concentrations of GSH. 
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Figure 4.7: Decay of ImM GSNO in the presence of 50^lM Se-cys and 200|iM GSH. 
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Figure 4.8: Decay of ImM GSNO in the presence of 50|iiM Se-cys and SOO^M GSH. 
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Figure 4.9: Decay of ImM GSNO in the presence of 50^M Se-cys and ImM GSH. 

63 



We observed that when the concentration of Se-cys was increased to 200^M and 

the concentration of GSH was varied in the same order as the above, two interesting parts 

of the curve should be noticed, one the magnitude of the initial drop in the first few 

minutes had doubled when compared to that with the 50|aM Se-cys and in the final stages 

the curves with 200)aM Se-cys did not appear to reach completion. This rapid increase in 

the initial drop may be attributed to the attainment of equilibrium of GSNO and its 

cortesponding thiol GSH and increase in Se-cys concentration which results in the rapid 

generation of selenol. Selenol by itself may bring about the rapid decomposition of 

GSNO in the initial part of the reaction due to the generation of a strong oxidizing 

medium such as superoxide. The incompletion of the reaction may be attributed either 

with the depletion of the reducing agent or the slow oxidation of the selenol generated in 

the initial stage ofthe reaction resulting in the regeneration of diselenide. Figures 4.10, 

4.11 and 4.12 represent this behavior. 
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Figure 4.10: Decay of ImM GSNO in the presence of 200^M Se-cys and 200|aM GSH. 
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Figure 4.11: Decay of ImM GSNO in the presence of 200|iM Se-cys and 500nM GSH. 
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Figure 4.12: Decay of ImM GSNO in the presence of 200^M Se-cys and ImM GSH. 

When the concentration of Se-cys was increased to 500^M and varying the GSH 

concentration in the same order as the above, we observed that the magnitude of the 

initial drop almost increased to more than twice that was observed in the case with 

200)aM. The magnitude of this drop increased with the increase in GSH concentration. It 

was about 0.4 with 200^M GSH (Figure 4.13), 0.5 with 500^M GSH (Figure 4.14) and 

about 0.6 with ImM GSH (Figure 4.15). As explained earlier, a constant part of this steep 

drop is due to the attainment of equilibrium by GSNO and its cortesponding thiol GSH 

the variable part is due to the generation of selenol from Se-cys by the GSH. The reaction 

did not reach completion in all the cases when compared to that with the 200|iM Se-cys. 

For 200)xM GSH the reaction reached a stage where fiirther decay was not seen at higher 

concentration of about 0.6 (Figure 4.13), for 500|iM GSH this occurted at a lower 
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concentration at about 0.3 (Figure 4.14) and for ImM GSH this occurted at about 0.2 

(Figure 4.15). The concentration of GSNO at which the reaction did not go further 

towards completion decreased with the increase in GSH. This clearly shows that the 

increase in Se-cys leads to a rapid generation of superoxide which may be responsible for 

the initial steep drop and the oxidation of selenol and glutathione by the superoxide may 

be responsible for the flattening behavior. The other factor that may be responsible is the 

fransfer of free NO to thiolate ions which are present abundantly in the solution. 
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Figure 4.13: Decay of ImM GSNO in the presence of 500^M Se-cys and 200nM GSH. 
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Figure 4.14: Decay of ImM GSNO in the presence of 500^M Se-cys and 500^M GSH. 
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Figure 4.15: Decay of ImM GSNO in the presence of 500|iM Se-cys and ImM GSH. 
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4.3 Experimental results of GSNO/GSH/Se-cym system. 

This section deals with a system similar to the previous one but Se-cys was 

replaced by a diselenide salt such as Se-cym. The results obtained with Se-cym indicated 

that Se-cym was responsible for GSNO decay that was more pronounced compared to the 

cortesponding decay curves with Se-cys. The initial drop observed in the decay of GSNO 

tends to increase with increase in GSH concentration at 50^M Se-cym concentration. For 

50|iM Se-cym concenfration with 200^M GSH the initial drop was ofthe magnitiide 0.1 

(Figure 4.16), for that with 500nM GSH this drop was about 0.2 in magnitude (Figure 

4.17) and 0.25 in magnitude (Figure 4.18) when ImM GSH was used. The magnitude of 

this drop was constant for cortesponding curves with Se-cys. This indicates that Se-cym 

is readily reducible by GSH to selenol which brings about the steep decay due to the 

generation of a oxidizing medium. Another factor responsible for the steep decay may be 

the attainment of equilibrium between GSNO/GSH system. The curves for Se-cym 

showed a incomplete reaction behavior at high concentrations of GSH which was not 

found with the cortesponding curves for Se-cys. Therefore at all concentrations of GSH 

and at 50^M concentrations of Se-cys and Se-cym, Se-cym was effective in bringing 

about GSNO decay. 
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Figure 4.16: Decay of ImM GSNO in the presence of 50jiM Se-cym and 200|iM GSH. 
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Figure 4.17: Decay of ImM GSNO in the presence of 50^M Se-cym and SOO^M GSH. 
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Figure 4.18: Decay of ImM GSNO in the presence of 50)iM Se-cym and ImM GSH. 

When we increased the concentration of Se-cym to 200^M and with the GSH 

concentrations similar to those above, we found that the magnitude of the initial drop 

increases from 0.3 with 200^M GSH (Figure 4.19) to 0.35 with 500^M GSH (Figure 

4.20) and 0.4 with ImM GSH (Figure 4.21). A constant part ofthe steep drop is due to 

the attainment of the equilibrium by GSNO and its cortesponding thiol and the variable 

part of this steep drop is due to the generation of selenol which is responsible for a strong 

oxidizing medium through the formation of superoxide. All these curves showed 

incompleteness of the reaction. The concentration at which the reaction shows no further 

decay in GSNO lowered with increase in GSH concentration. At 200^M Se-cym 

concentration Se-cym was effective in GSNO decomposition when compared to Se-cys. 
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Figure 4.19: Decay of ImM GSNO in the presence of 200^iM Se-cym and 200^M GSH. 
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Figure 4.20: Decay of ImM GSNO in the presence of 200nM Se-cym and 500nM GSH. 
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Figure 4.21: Decay of ImM GSNO in the presence of 200^M Se-cym and ImM GSH. 

When the concentration of Se-cym was increased to 500p.M the curves obtained 

were similar to those obtained for the Se-cys at the same concentration. Sigruficant 

amounts of GSNO was left unreacted after a very fast initial drop within first few minutes 

and the reaction did not proceed to completion. The magnitude of GSNO concentration at 

which the reaction halts was about 0.35 when 200^M GSH was used (Figure 4.22), 0.6 

when 500)j,M GSH was used (Figure 4.23) and about 0.65 when ImM GSH was used 

(Figure 4.24). The magnitude of the initial drop may be due to the rapid generation of 

selenol which produces a strong oxidizing medium such as superoxide which is 

responsible for the initial decay. 
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Figure 4.22: Decay of ImM GSNO in the presence of 500^M Se-cym and 200^M GSH. 
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Figure 4.23: Decay of ImM GSNO in the presence of 500^M Se-cym and 500^M GSH. 
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Figure 4.24: Decay of ImM GSNO in the presence of 500^M Se-cym and ImM GSH. 

From sections 4.2 and 4.3 we observed that the magnitude of the initial drop 

increases with increase in GSH for Se-cym and it remains constant for Se-cys. This holds 

good for 50|iM and 200|u,M concentration of Se-cys and Se-cym. For 500nM 

concentration of Se-cys and Se-cym the magnitude of the initial drop remained the same 

for cortesponding concentrations of GSH. The GSNO concentration at which the reaction 

no longer proceeds was similar for both Se-cys and Se-cym. Se-cym was more efficient in 

bringing out GSNO decomposition when compared to Se-cys at their concentrations of 

50)iM and 200^M. Those curves obtained with 500^M concentrations of Se-cys or Se-

cym were similar. 
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4.4 Preliminary kinetic simulation results for GSNO/GSH/diselenide system. 

The system chosen for the preliminary kinetic mn constituted of ImM GSNO with 

500|iM GSH and 50|iM diselenide. Four different curves were plotted for the above 

system they represented changes in 

(i) Glutathione related compounds: GSNO, GS",GSSG, GSSeR, GSNORSeH and GSH. 

(ii) Oxidized compounds: RSeSeR, GSSG, GSSeR and O2". 

(iii) Reduced compounds: GSH, GS" and W. 

(iv) Selenium based compounds: RseSeR, RseH, GSSeR and GSNORSeH. 
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Figure 4.25: Concentration as a fimction of time for glutathione based compounds for 

50nM diselenide system with 500nM GSH. (1=GS", 2==GSSG, 3=GSSeR, 4=GSN0, 

5=GSN0RSeH, 6=GSH) 
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From the figure 4.25 the key component that is to be observed is the active 

intennediate GSNORSeH (5) which is present in negligible quantities in the order of 

l^M through out the reaction time scale. This obeys the steady state assumption that rate 

of change of active intermediate is zero. The number of thiolate ions increase rapidly due 

to the dissociation of GSH and then increase slowly along the reaction time scale as 

GSNO decay takes place. GSH is hence present in negligible quantities through out. 

GSNO decay is similar to the experimental decay but the initial drop is not accounted for 

in the simulation curves which suggests that the reaction mechanism proposed needs to 

be modified. The disulfide formation from thiolate ions proceeds at a moderate pace 

thereby indicating that at any time most ofthe thiolate ions exist in the oxidized form. 
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Figure 4.26: Changes in oxidized compounds for 50|iM diselenide system with 500^M 

GSH. (1=GSSG, 2=GSSeR, 3=RSeSeR, 4=02") 
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From the figure 4.26 the thiolate ions slowly oxidize to form disulfide (1) as the 

end product. The diselenide (3) is reduced rapidly to selenol by GSH and negligible 

diselenide exists during the later stages of the reaction. The superoxide radical exists in 

negligible quantities through out the reaction time scale. This superoxide may be 

responsible for the GSNO decay. 
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Time.s 

8000 

Figure 4.27: Changes in reduced compounds for 50)aM diselenide system with 500|xM 

GSH. (1=GS", 2=H\ 3=GSH) 

From the figure 4.27 the thiolate ions increase rapidly in the first few seconds due 

to the dissociation of GSH and then there is a slow increase due to the GSNO decay. GSH 

dissociates immediately and negligible GSH is available thereafter. The H* ions increase 

rapidly after which there is a slow decrease due to generation of water as proposed by the 

reaction scheme. 
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Figure 4.28: Changes in selenium based compounds for 50[iM diselenide system with 

500^M GSH. (l=GSSeR, 2=RSeH, 3=RSeSeR, 4=GSN0RSeH) 

From the figure 4.28 the diselenide (3) is present in little quantities in the later 

stages of the reaction whereas most of selenium is present in the form of reactive 

compound like selenol (2). The reactive intermediate at all times is present in very little 

quantities over the measured reaction time scale. 
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4.5 Experimental results of GSNO/AA/Se-cys system 

This section deals with the decomposition of GSNO in the presence of ascorbic 

acid(AA) another physiologically relevant reducing agent. The effects of changes in 

concentration of AA and Se-cys on the decomposition rate are presented as decay curves 

in the subsequent pages. At low concentrations of Se-cys like 50|aM, a key feature of all 

these curves is, there exists a point of inflection which suggests that there may be two 

simultaneous reactions that are responsible for GSNO decay. This is evident from the fact 

that AA by itself brings about GSNO decomposition as mentioned eariier. The initial 

drop in the following curves is less than that observed for cortesponding concentration of 

Se-cys when GSH was used as a reducing agent because the equilibrium was not 

disturbed as the only GSH added is the unreacted GSH from the GSNO which is 

negligible. The curves tend to get steeper with the increase in AA from 200|iM to 500)iM 

but further increase in AA lead to a decay which was not much different than that with 

500^M AA. These curves are presented below as figures 4.29, 4.30 and 4.31. 
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Figure 4.29: Decay of ImM GSNO in the presence of 50^M Se-cys and 200nM AA. 
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Figure 4.30: Decay of ImM GSNO in the presence of 50nM Se-cys and 500|iM AA. 
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Figure 4.31: Decay of ImM GSNO in the presence of 50^M Se-cys and ImM AA. 

When the concentration of Se-cys was increased from 50^M to 200^M the point 

of inflection that was seen at lower concentration of Se-cys was not observed because of 

the presence of the steep drop that masks this point of inflection in the initial stage of the 

curves. The magnitude ofthe drop was ofthe order 0.15 for all concentrations of AA 

used. The reaction did not reach completion for these curves in the observed timescale. 

For 200^M concentration of Se-cys, the slope ofthe curves increases with the magnitude 

ofthe concentration of AA, as AA was increased from 200|aM to 500|iM. However there 

was no difference when concentration of AA was increased to ImM. Similar behavior 

was observed for 50)LIM Se-cys concentration. This behavior is presented as figures 4.32, 

4.33, and 4.34. 
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Figure 4.32: Decay of ImM GSNO in the presence of 200^M Se-cys and 200|LIM AA. 
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Figure 4.33: Decay of ImM GSNO in the presence of 200^M Se-cys and 500nM AA. 

85 



ro 
ro 
13 
o 
rt 

X 
l-l 

o 
Ui 

X 
< 
<U 

_ N 

O z 

1 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0 

ft 
• 
A» 

^ . 

A • 
A 

A • 
A 

"I r 

0 2000 4000 6000 8000 10000 12000 

Time, seconds 

Figure 4.34: Decay of ImM GSNO in the presence of 200^M Se-cys and ImM AA 

When the concenfration of Se-cys was increased from 200|aM to SOÔ iM the 

behavior of the curves resembled for those with GSH at high concentration of Se-cys as 

all the curves resulted in an incomplete reaction. At 200|j,M AA the initial drop was of 

magnitude 0.5, When the concentration of AA was increased to 500^M AA the initial 

drop was ofthe order 0.3, and with ImM AA the initial drop was of magnitude 0.25. The 

point of inflection was not seen because of the presence of the steep drop. When 

compared with the decay in the presence of GSH the incomplete reaction was only 

observed in AA for curves with high concentrations of Se-cys. The magnitude of the 

slope increases with increase in AA concentration from 200)aM to 500)aM but further 

increase in AA did not show any change in the behavior ofthe curve. This is represented 

by figures 4.35, 4.36 and 4.37. A common feature observed for all concentrations of Se-
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cys is that the curves get steeper with increase in concentration of AA from 200|iM to 

500|iM but there was no change in the decay curve when AA concentration was increased 

to ImM. 
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Figure 4.35: Decay of ImM GSNO in the presence of 500^M Se-cys and 200^lM AA. 
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Figure 4.36: Decay of ImM GSNO in the presence of 500^M Se-cys and 500nM AA. 
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Figure 4.37: Decay of ImM GSNO in the presence of 500^M Se-cys and ImM AA. 
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4.6 Experimental results of GSNO/AA/Se-cym system 

The effects of changes in concentration of AA and Se-cym on the decomposition 

rate of GSNO are presented. At low concentrations of Se-cym, 50)aM, a key feature of all 

these curves is there exists a point of inflection which suggests that there may be two 

simultaneous reactions that are responsible for GSNO decay. This is evident from the fact 

that AA by itself brings about GSNO decomposition this decay curve as presented in 

figure 4.5. This behavior was also observed with Se-cys. The cortesponding curves for 

Se-cys were found to be less steep. The magnitude of the slope increases when AA was 

increased from 200nM to SOÔ iM thereafter the decay did not show any significant 

change when AA was increased to ImM. The behavior is shown in figures below. 

2000 4000 6000 8000 10000 12000 

Time, seconds 

Figure 4.38: Decay of ImM GSNO in the presence of 50nM Se-cym and 200nM AA. 
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Figure 4.39: Decay of ImM GSNO in the presence of SO îM Se-cym and 500^M AA. 
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Figure 4.40: Decay of ImM GSNO in the presence of SO îM Se-cym and ImM AA. 

When the concentration of Se-cym was increased from 50^M to 200|iM the point 

of inflection that was seen at lower concentration of Se-cym was not observed for this 

concentration of Se-cym because of the presence of the steep drop in the initial stages of 

the curves. The magnitude of the drop was 0.2 for all concentrations of AA used and it 

was not variable because there was negligible GSH in the reacting system. The reaction 

halts and such behavior was not seen at cortesponding concentration in Se-cys. The curve 

is steeper when the AA was increased from 200|J,M to 500^M but further increase in AA 

concentration did not show significant change. This behavior was similar to the 

cortesponding Se-cys curves. These curves are represented as figures 4.41, 4.42, 4.43. 
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Figure 4.41: Decay of ImM GSNO in the presence of 200|iM Se-cym and 200|iM AA. 
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Figure 4.42: Decay of ImM GSNO in the presence of 200|xM Se-cym and 500|iM AA. 
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Figure 4.43: Decay of ImM GSNO in the presence of 200)aM Se-cym and ImM AA. 

When the concentration of Se-cym was increased from 200|xM to 500|aM the 

behavior of the curves resembled for those with GSH at high concentration of Se-cys as 

reaction no longer proceeds. The initial drop was of magnitude 0.4 for all concentrations 

of AA that were used since vary less GSH was present in the reacting system and the 

equilibrium was not disturbed. The curves got steeper with increase in AA concentration 

from 200^M to 500^M but further increase in AA did not show any appreciable increase 

in steepness. This behavior is shown in figures 4.44, 4.45 and 4.46. 

The decay curves are steeper for both Se-cys and Se-cym when AA was increased 

from 200^M to 500nM but fiirther increase in AA did not show appreciable increase. 
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Figure 4.44: Decay of ImM GSNO in the presence of 500^M Se-cym and 200nM AA. 
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Figure 4.45: Decay of ImM GSNO in the presence of 500|xM Se-cym and 500|iM AA. 
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Figure 4.46: Decay of ImM GSNO in the presence of 500^iM Se-cym and ImM AA. 

4.7 Experimental results of GSN0/NaBH4/Se-cys system 

This section deals with the decomposition of GSNO in the presence of NaBH4 a 

strong reducing agent. It is classified as a strong reducing agent because of its ability to 

oxidize readily forming borane and generating protons. Although it does not exist 

physiologically it was used because of its very strong reducing nature. Its interaction with 

selenium compounds is not through oxidation reduction reactions as seen with GSH or 

AA. ft also facilitates for the decomposition of GSNO with reduced selenium. The 

effects of changes in concentration of NaBH4 and Se-cys on the decomposition rate are 

presented as decay curves in the subsequent pages. At low concentrations of Se-cys like 
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50^M a key feature of all these curves is there exists a steep drop of the order of 

magnitude 0.2-0.3. This is evident from the fact that NaBH4 being a strong reducing agent 

reduces Se-cys very rapidly. There is negligible GSH in the reacting system and hence the 

equilibrium between GSNO and its thiol is not disturbed. From the curves it is seen that 

at low concentration of NaBH4 the quantity of diselenide reduced is negligible therefore 

the curves show incomplete reaction after a brief period, ft is also true that NaBH4 in 

aqueous solution reacts with water continuously generating protons these protons 

combine and escape as hydrogen gas. Thus the decay is fast in the initial stage and then 

comes to a halt as the amount of selenol formed is negligible and there are very few 

protons that remain in the solution (Figure 4.47). When the concentration of NaBH4 was 

increased to 500nM (Figure 4.48) the amount of selenol generated by the reduction of 

diselenide was more and hence the rate curve was steeper than the one with 200|iM 

NaBH4. When the concentration of NaBH4 was increased to ImM the amount of selenol 

generated is more compared to the previous two and hence the reaction proceeds to 

completion. (Figure 4.49). At low concentration of Se-cys the decay was much slower 

than the cortesponding curves with GSH and AA, after the initial decay. 

98 



1 ^ — 

1 0.9 -

3 0 .8 -

1 0.6 H 
X 
o 0.5 -
CO 

X ^ 
< 0.4 -1 0.3 -

1 ̂ "̂  " 
z 0 1 -

0 -

1 

• A . 
• A . 

• A . 
• A A 

• A A A 

' ' 1 1 1 1 

0 2000 4000 6000 8000 10000 12000 

Time, seconds 

Figure 4.47: Decay of ImM GSNO in the presence of 50^M Se-cys and 200^M NaBH4 
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Figure 4.48: Decay of ImM GSNO in the presence of 50[iM Se-cys and 500|iM NaBH4 
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Figure 4.49: Decay of ImM GSNO in the presence of 50|iM Se-cys and ImM NaBH4. 

When the concentration of Se-cys was increased from 50|iM to 200^lM the 

amount of selenol formed was higher when compared to 50|iM hence the decay was fast 

and complete for all concentrations of NaBH4 The equilibrium between GSNO and its 

cortesponding thiol is not disturbed as negligible GSH is present in the reacting system. 

The magnitude ofthe drop was ofthe order 0.3-0.6 for all concenfrations of NaBH4 used. 

The incomplete reaction was also not seen in these curves in the observed timescale. The 

difference in the decay path seen above may be due to the oxygen present in stock 

solutions. The curves are represented as figures 4.50, 4.51 and 4.52. 
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Figure 4.50: Decay of ImM GSNO in the presence of 200^iM Se-cys and 200nM NaBH4. 
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Figure 4.51: Decay of ImM GSNO in the presence of 200nM Se-cys and 500nM NaBH4. 
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Figure 4.52: Decay of ImM GSNO in the presence of 200nM Se-cys and ImM NaBH4. 

When the concenfration of Se-cys was increased from 200|iM to 500^M the 

behavior of the curves resembled for those with GSH at high concentration of Se-cys as 

reaction comes to a halt. The initial drop was of high magnitude when compared to that 

with GSH and AA. At 200)iM NaBH4 the initial drop in concentration was of magnitude 

700|j,M, (Figure 4.53). When the concentration of NaBH4 was increased to 500(J,M 

NaBH4 the cortesponding initial drop in concentration was of the order 900)JM, (Figure 

4.54). With ImM NaBH4 all GSNO was consumed very quickly. (Figure 4.55) 
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Figure 4.53: Decay of ImM GSNO in the presence of 500^M Se-cys and 200^M NaBH4. 
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Figure 4.54: Decay of ImM GSNO in the presence of 500nM Se-cys and 500^M NaBH4. 
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Figure 4.55: Decay of ImM GSNO in the presence of 500)aM Se-cys and ImM NaBH4. 
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4.8 Experimental results of GSN0/NaBH4/Se-cym system 

This section deals with the decomposition of GSNO in the presence of NaBH4 a 

strong reducing agent. The effects of changes in concentration of NaBH4 and Se-cym on 

the decomposition rate are presented as decay curves in the subsequent pages. At low 

concentrations of Se-cym like 50p,M, with the increase in NaBH4 concentration the 

decomposition rate increased when the NaBH4 concentration was increased from 200)JM 

to ImM. When compared to Se-cys the quantity of GSNO decomposed was higher for 

Se-cym at all concentrations of NaBH4. This indicates that Se-cym was easily reduced to 

selenol when compared to Se-cys. A key feature of all these curves (Figures 4.56, 4.57, 

4.58) is that there exists a steep initial drop of magnitude 0.2-0.6. 
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Figure 4.56: Decay of ImM GSNO in the presence of 50^M Se-cym and 200nM NaBH4. 
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Figure 4.57: Decay of ImM GSNO in the presence of 50|aM Se-cym and SOÔ iM NaBH4. 
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Figure 4.58: Decay of ImM GSNO in the presence of 50)aM Se-cym and ImM NaBH4. 

When the concentration of Se-cym was increased from 50|xM to 200)aM the decay 

was steeper than that with Se-cys. There was incomplete reaction in all the cases in the 

measured time scale. The magnitude ofthe initial drop was of magnitude 0.5-0.9 for all 

concentrations of NaBH4 used. This is represented by the curves 4.59, 4.60 and 4.61. 

Since the decay was steep the amount of selenol generated from Se-cym was more hence 

we can say that Se-cym is more susceptible to reduction in comparison with Se-cys. 
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Figure 4.59: Decay of ImM GSNO in the presence of 200nM Se-cym and 200nM 

NaBH4. 
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Figure 4.60: Decay of ImM GSNO in the presence of 200p,M Se-cym and 500)iM 

NaBH4. 
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Figure 4.61: Decay of ImM GSNO in the presence of 200)iM Se-cym and ImM NaBH4. 

When the concentration of Se-cym was increased from 200 | JM to 500^M the 

behavior of the curves resembled for those with GSH at high concentration of Se-C but 

the reaction reaches equilibrium very fast. The initial drop was of magnitude 0.9 for all 

concentrations of NaBH4 that were used. This is represented in figures 4.62, 4.63 and 

4.64. 
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Figure 4.62: Decay of ImM GSNO in the presence of 500^M Se-cym and 200nM 

NaBH4. 
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Figure 4.63: Decay of ImM GSNO in the presence of 500^M Se-cym and 500^M 

NaBH4. 
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Figure 4.64: Decay of ImM GSNO in the presence of 500^M Se-cym and ImM NaBH4. 
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4.9 Summary 

The conclusions drawn from this study are presented below 

1. From the experimental results it was clear that carrying out the reactions in buffers 

made from HPLC grade water resulted in metal ion free solutions and also chelant free 

solutions. This was responsible for increased stability of GSNO. The decay was in the 

order of hours when HPLC grade water was used and when deionized water treated with 

a chelant was used the decay was in the order of a few minutes. 

2. The factor responsible for the steep initial decay may be an active species like 

superoxide which generates a strong oxidizing agent like hydrogen peroxide in solution. 

The hydrogen peroxide thus generated might be responsible for the decay and superoxide 

by itself might catalyze the decomposition of GSNO. The unreacted GSH present along 

with GSNO may be responsible for the attainment of equilibrium which is observed as 

initial drop in cases which have only Se-cys or Se-cym. 

3. The factor responsible for the incomplete reactions at high concentrations of Se-cys 

and Se-cym may be the oxidation of the reducing agent or oxidation of selenol resulting 

in the regeneration of diselenide. 

4. Se-cys was less susceptible to reduction using low concentration of NaBH4 when 

compared to Se-cym hence the amount of selenol generated was less which leads to a 

very slow decay. The decay does not go to completion because the protons escape as 

hydrogen gas over the length of time. 

5. GSH and ascorbic acid even at low concentrations have the ability to produce selenol 

continuously because the protons are in equilibrium with the reactants from which they 
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are generated. Hence slow but continuous decay was observed. This kind of decay was 

not seen with NaBH4. 

6. The simulation results obtained using the predicted mechanism do not account for the 

initial drop and also for the incomplete reaction. 
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CHAPTER V 

RECOMMENDATIONS AND FUTURE WORK 

The following recommendations are proposed for future exploration in this area: 

1. Similar set of decay curves should be obtained under controlled oxygen conditions by 

keeping the reacting system closed and avoiding its interaction with air. 

2. Similar set of decay curves should be obtained by saturating all the solutions used with 

oxygen and nitrogen. 

3. The ability of metallo-amino acids to incorporate into a matrix and catalyzing similar 

reactions under flow conditions should be tested. 

4. The ability of superoxide dismutase a metal containing enzyme to catalyze or inhibit 

the reactions under aerated and de-aerated systems should be carefully studied. 

5. The mechanism proposed should be improved so that resuhs obtained using the 

simulation obey the experimental results especially for the steep drop and the incomplete 

reaction at higher concentrations of Se-cys or Se-cym 
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