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A B B R E V I A T I 0 N S

ATP adenosine - 5’- triphosphate

ADP adenosine - 5’- diphosphate

AHPF 2-amino ^-hydroxy 6-formyl pteridine

CSSC Cystine

CySH Cysteine

DOCA Sodium deoxycholate

EDTA ethylene diamine tetra-acetate

F AD Flavin - adenine dinucleotide

GSSG oxidised glutathione

GSH reduced glutathione

GSSC mixed disulphide

GSSO,ÏÏ P S— Sulphoglutathione

Kcl Potassium chloride

MPA Meta phosphoric acid

Had Sodium chloride

NaoH Sodium hydroxide

nadh2 reduced nicotinamide adenine dinucleotide

nadph2 reduced nicotinamide adenine dinucleotide phosphate

P-CMB Para-Chloromercuribenzoate

RNA Ribonucleic acid

RHase ribonuclease

-SH thiol
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I N T R 0 D U C TION

General Metabolism of CSSC and CySH.

The participation of compounds containing sulphur in a 

variety of biochemical process has been recognised for a long 

time. CSSC was the first amino acid to be discovered (Wollaston 

1810). But only after the discovery of methionine by Mueller 

(1923), did the nutritional significance of CySH and CSSC 

become apparent.

Methionine is one of the main biological sources of methyl 

groups and takes part in the synthesis of adrenalin, creatine, 

choline and acetyl choline. During the process of transmethyl- 

:ation methionine loses its methyl group leaving homocysteine. 

This may eventually be broken down to CSSC through the 

intermediate compound cystathionine.

Although the sulphur requirement of micro-organisms is 

provided by inorganic sulphates, in higher animals CySH, CSSC 

and methionine are the chief dietary source of sulphur.

CySH and CSSC in addition to being incorporated into 

proteins, participate in a number of metabolic reactions of 

special significance. CySH is used in the synthesis of 

glutathione, insulin and p-mercaptoethylamine. Glutathione is 

a tripeptide and in the reduced state it acts as an enzyme 

activator in which it can be replaced by CySH. GSH also has 

the /
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the function of a cofactor to the enzymes formaldehyde 

dehydrogenase, glyoxalase and maleylacetoacetate isomerase. 

Insulin plays a part in biological oxidation, p- 

mercaptoethylamine, which is a constituent of coenzyme A 

reacts with acyl compounds to yield thiol esters. Hence 

it plays a main role in intermediary metabolism.

The chief changes undergone by CSSC and CySH in metabolism 

are as follows

I) On desulphuration CySH give hydrogen sulphide, pyruvic 

acid and ammonia (Fromageot et al, 1940).

II) On reduction CSSC yields CySH.

Ill) In the oxidative metabolism of CySH, cysteine sulphinic 

acid is an important intermediate product. In ’vivo* 

cysteine sulphinic acid is transferred into p- 

aminoethane sulphinic acid and to cysteic acid (Virtue 

et al 1939)» They are the precursors of taurine. 

Taurine combines with cholic acid to yield taurocholic 

acid.

It is also known that cysteine sulphinic acid is converted 

to /
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to alanine and sulphite (Fromageot, 1948).

Methionine. R . .. ,
। P - Mercapto ethylamine
| Transmethylation. f

Homocysteine. ' p — Aminoethane sulphinic acid.

- Carbon dioxide.

Cystathionine.

Insulin Glutathione

CSSC CySH Cysteine sulphinic Cysteic acid.

acid.

Desulphuration.
Carbon dioxide.

Pyruvic acid + Ammonia + Hydrogen

sulphide.

Alanine + Sulphite

Oxidation

Sulphate.

Taurine

+ Cholic acid

Taurocholic acid.

Urea.

THE MAIN PATHWAYS OF SULPHUR METABOLISM.

IV) CSSC and CySH are broken down in the liver and the 

sulphur is oxidised to sulphate which appears in the 

urine. (Young, 1957/58).

Oxidation of Thiols.

The /
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The major route of GSSG cleavage is its reduction to GSH. 

Subsequently this is followed by transhydrogenase reaction of 

GSH with other disulphides. If the disulphide formation 

involves a reversal of this route, as has been formulated by 

Katzen et al (1963)» then due attention should be given to the 

oxidation of GSH to GSSG; as this acts as the chief oxidant 

for other thiols.

The oxidation of thiols may take place spontaneously or 

when catalised by enzymes. It is well known that thiols are 

rapidly readily oxidised in neutral solutions (Hopkins, 1921). 

Metal free glutathione reacts very slowly with oxygen; 

however the reaction is greatly accelerated in the presence 

of traces of copper and iron. In the oxidation of GSH by 

hydrogen peroxide, heavy metals act as catalysts. However, 

in the presence of molybdenum oxidation results in sulphonic 

acid formation. (Barron, 1951)»

Keilin (1930), showed that CySH was rapidly oxidised 

with the uptake of oxygen by cytochrome oxidase.

Oxidation of thiols by an enzymic system involving 

cytochrome C found in cell free preparation of mouse kidney 

was reported by Ames and Elvehjem (1945).

Mapson (1958), reported the presence of an enzyme in 

plants which catalised the oxidation of thiols including GSH 

by dehydroascorbic acid.

Mills /
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Mills (1963), found that a peroxidase present in animal 

tissues catalised the oxidation of GSH to GSSG by hydrogen 

peroxide.

In ’vitro’ studies of lens by Kinoshita and Merola (1957), 

showed that protein thiol of homogenate was slightly oxidised 

by aerobic condition and that addition of GSH to the system 

not only failed to inhibit this oxidation but also resulted in 

itself being rapidly oxidised.

Jocelyn (1962), and Pinto (1961), showed that hardly any 

oxidation of GSH was observed in the presence of previously 

heated liver homogenate, thereby suggesting the involvement 

of a thermolabile oxidising enzyme.

Jocelyn (1964), found that the specific xanthine oxidase 

inhibitor (2 amino - 4 hydroxy - 6 formyl pteridine) inhibited 

the oxidation of thiol and allowed 90 - 95% recoveries of added 

CySH.

Cleavage of the Disulphide Bond.

Cleavage of disulphide bond could be accomplished either 

by non-reductive or reductive break down.

A. Hon reductive cleavage.

(1) Hydrolytic Cleavage.

Pirie (1934), postulated that hydrolytic dismutation of 

CSSC formed sulphenic acid and CySH.

CSSC * H2O----> CySH + CySOH.

Unstable /
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Unstable cysteine sulphenic acid under physiological condition 
xatea.

has been yogUy to break down to CySH and cysteine sulphinic 

acid.

2 CySOH--- ->CySH +- CySO2H.

lavine et al (1936), confirmed the findings of Pirie. 

The cysteine sulphinic acid is said to be metabolised to 

sulphite which then undergoes oxidation to sulphate and this 

has been regarded as the main pathway of sulphate formation in 

organisms.

More recent work on CSSC cleavage in alkaline medium by 

De Marco et al (196j), has shown that the products of the 

reaction were cysteine sulphinic acid, cysteic acid, alanine 

thiosulphonic acid, S- sulpho cysteine, ammonia and thiosulphate 

For an appreciable decomposition of CSSC, it was found that 

copper ions were essential. In the alkaline medium copper 

ions catalysed the cleavage of CSSC by elimination to yield 

thiocysteine. It has been suggested that thiocysteine could 

be the source of all the other compounds detected when CSSC is 

subjected to alkaline hydrolysis.

(2) Cleavage by sulphite and cyanide.

The cleavage of disulphide by sulphite was shown by Clarke 

(1932).
RSSH + SO^“" ZZZT RS” + RSSO ~ 

5 3
It was found that the negatively charged disulphides 

reacted /
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reacted much more slowly than do those with no net charge

Hence with oxidised glutathione and CSSC, there should be an 

optimum pH at which the observed reaction would be maximal

Lowering the pH resulted in a fall in RSSO^”, owing to the 
2—decreasing SO^ concentration. Increasing the pH had the same

effect because of increasing negative charge on the disulphide 

molecule due to the dissociation of amino groups. Positively 

charged compounds showed greater activity than those with no 

net charge.

It is known that simple disulphides react with potassium 

cyanide in the same manner as the reaction with sulphite. The 

reaction is reversible and is formulated as follows by Gawron 

et al (1961).

RSSR + CN“^=^ RS~ + RSCN

The thiocyano-derivative of CSSC thus formed, cyclises 

irreversibly to form 2 - iminothiazolidine - 4 - carboxylic 

acid as is shown by Schöberl (1951).

HOOC - CH2 - CH2 - SCN----- > CH2 . CH . COOH.

nh2 S CH

CII NH

Subsequent attack by cyanide on newly formed disulphides 

eventually converts all CySH residues to iminothiazolidines.

B.
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B. Reductive cleavage of disulphide bonds» 

(1) Chemical reducing agents.

Reduction of disulphide has the advantage over sulphite 

reaction that two thiol groups are produced from one disulphide 

group instead of one. However, this advantage is limited by 

the fact that the available methods of quantitative reduction 

are less convenient than the sulphite reaction.

Sodium borohydride has been used successfully for the 

reduction of disulphide groups. The reduction is carried out 

in alkaline solution and the excess borohydride is eliminated 

either with acetone or by acidification (Brown, I960). The 

thiol groups formed have been estimated by amperometric 

titration.

Oxidised glutathione can be reduced by various agents 

such as hydrogen sulphide, other mercaptans in excess, nascent 

hydrogen and sodium or lithium in liquid ammonia (Isherwood, 

1958).

Electrolytic reduction of disulphides was first described 

by Dohan and Woodward (1939), for GSSG and by Benesch (1957), 

for GSSG, CSSC and homocystine. Electrolytic reduction has 

some advantages over the other methods available for cleaving 

disulphide bonds. It is possible to carry out the reduction 

in acid solution when both disulphide exchange reaction and 

reoxidation /
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reoxidation of thiol groups are less prone to be troublesome. 

Moreover since the method is specific for disulphides 

contamination with reducing agents does not become a problem.

(2) Intramolecular Reduction. Cystine desulphydrase -

Cystathionase.

Carroll et al (19^9), were the first to observe that an 

extract of rat liver catalysed the cleavage of cystathionine, 

producing CySH and ketobutyric acid. They also showed that 

the same extract decomposed homoserine to yield the same keto 

acid and that pyridoxal phosphate is the prosthetic group of 

homoserine deaminase and cystathionase. This was confirmed by 

Matsuo (1958).

An enzyme preparation capable of desulphydrating CySH 

(cysteine desulphydrase) has been observed by Binkley (1950) 

from rat liver. This preparation was found to have cystathionase 

activity and according to the author, cystathionase activity 

accompanied all the steps of the purification procedure and the 

purified enzyme showed both the activities.

The finding raises the question whether cysteine desulphy

drase and cystathionase are two different enzymes, or whether 

they are only one single enzyme possessing both the catalytic 

properties. The solution is essential not only for elucidating 

the mechanism of enzyme cleavage of CySH into hydrogen sulphide, 

ammonia /
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ammonia and pyruvate» but also to rule out the unwanted double 

name for a single enzyme.

Cavallini et al (1960/1961) reported that CSSC is a better 

substrate for cystathionase than CySH, an observation which is 

at variance with previous work on the breakdown of CySH by 

cysteine desulphydrase (Young» 1957/58).

Cavallini (1962) later found that CSSC is converted to 

ammonia, pyruvate and persulphide in addition to an analogue 

of CySH which has been named thiocysteine.

CH2 - s

CHNH2

- S - CH2

CHNHO— 1 2

CH2 - SSH

—> CHNH2 +

CH, 1 p

co + NH,

COOH COOH COOH COOH

Thiocysteine.

Thiocysteine being unstable is spontaneously decomposed to 

polysulphides at neutral pH to hydrogen sulphide and sulphur. 

CSSC is reused by the enzyme. Hence these reactions yields 

pyruvate, ammonia, sulphur and small traces of hydrogen sulphide 

when CSSC is the substrate, thereby discarding the necessity of 

postulating the reduction to CySH, as was claimed before by 

Fromageot (1940) and by Smythe (1945).

It is quite possible that desulphuration of CySH is 

indirect and the real substrate for the enzyme is CSSC while 

CySH /
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CySH reacts non-enzymically with intermediate thiocysteine to 

give CSSC and hydrogen sulphide. Thus this mechanism accounts 

for the production of pyruvate, ammonia, hydrogen sulphide as 

required for the desulphydration of CySH.

C. By other thiols.

Formation of mixed disulphides.

Thiols and disulphides interact with one another, the thiol 

being oxidised to a disulphide and the disulphide reduced to 

a thiol.

It was originally thought that the mixed disulphide R’SS’R, 

was present only in catalytic amounts but this is now known to 

be incorrect. As a result of advances in analytical techniques, 

it is now clear that substantial amounts are formed during the 

thiol-disulphide exchange reaction. This reaction can be 

written as follows

RSSR + E'SHf=^RSSR’ + RSH

RSSR* + R’SHF=± R’SSR’ * RSH

The interaction of CSSC with thioglycolic acid and GSH 

was studied by Kolthoff et al (1955), who showed that the 

formation of mixed disulphide is reversible and obtained data 

for the equilibrium constants. These constants indicated the 

existence of large equilibrium concentrations of mixed 

disulphides. /
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35Eldjarn and Pihl (1956 b), using - labelled compounds 

obtained data for the systems involving GSH and cystamine or 

diacetyl cystamine. High equilibrium concentrations of mixed 
disulphides were found at pH 7»^ and 57°$ and the maximum rate 

of formation was observed under these conditions. The mixed 

disulphide formed was separated by paper electrophoresis.

The equilibrium concentration of mixed disulphide was 

found to be highly dependent upon the initial ratio of 

disulphides to thiol. This finding could play an important role 

in determining the extent to which mixed disulphide may be 

formed under physiological conditions.

Eldjarn and Pihl (1956 a) showed that in ’vivo* formation 

of mixed disulphide is reversible, but whether the reversal is 

brought about by enzymes or is merely a representation of dynami 

equilibrium between thiol and disulphide groups in the tissues 

remains to be studied.

The existence of mixed disulphides involving proteins and 

non-protein thiol and disulphide compounds has been well 

established (King, et al, 1961, Eagle, et al, i960) but little 

is known of the mechanism or stoichiometry of the reaction 

involved. Even less is known about the biological function of 

mixed disulphide.

Enzymes Catalysing Thiol - Disulphide Exchange.

(1) Hepatic glutathione - insulin transhydrogenase activity.

Enzymes /
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Enzymes are known to exist which bring about the reduction 

of disulphide bonds in the presence of reduced glutathione. 

This was shown by Tomizawa and Hulsey (1959), when hydrogen 

transferase activity of hepatic insulin degrading enzyme was 

isolated and purified. This enzyme was found to catalise the 

reductive cleavage of disulphide bonds in insulin in the 

presence of GSH.

( -S -S- ) + 2 GSH----- > ( -HS - SH- ) + GSSG.

Under this circumstance, in the presence of reduced 

glutathione insulin is readily reduced by NADPHO. CSSC and 

lipoic acid were without activity. This enzyme was found to 

be different in its substrate specificity from glutathione 

transhydrogenase of Backer (1955b)(see later).

Beef liver glutathione transhydrogenase which degrades 

insulin was studied by Naruhara et al (1959)» It was suggested 

that transhydrogenase coupled with glutathione reductase 

(see page 15 ) was responsible for the cleavage of all three 

disulphide bonds in insulin.

(2) Unsymmetrical disulphide of coenzyme A and glutathione in 

an enzymatic thiol-disulphide interchange.

Enzymes are known which participate in the thiol - 

disulphide interchange between unsymmetrical disulphides of 

coenzyme /
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coenzyme A and glutathione. Recently Chang et al (1966), 

reported an enzyme system from bovine kidney which catalysed 

the following thiol - disulphide interchange reaction.

GSH + CoASSG GSSG + CoASH

Mixed disulphides between a glutathione residue and either 

thioethanolamine or pantothenic were found to be equally as 

good as CoASSG as substrate.

However, activity was observed with CSSC as substrate 

after a lag period of time, which suggested that the activity 

with CSSC could have been due to the prior formation of CySH - 

glutathione disulphide (either enzymically or non-enzymically). 

This was followed by the enzymatic cleavage of the formed 

substrate to give GSSG. Hardly any activity was observed with 

ribonuclease, insulin or lipoic acid.

A coenzyme A disulphide glutathione reductase activity 

from rat liver has been demonstrated by Ondarza et al (1966). 

This enzyme reduces CoASSG to CoASH and GSH in the presence of 

NADH- or NADPH?.

CoASSG --- CoASH +. GSH ( NAD / NADp )*

(3) Glutathione - Homocystine Transhydrogenase.

Racker (1955b) reported that homocystine was reduced by 

glutathione reductase in liver, provided small amounts of GSH 

were /
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were present. The oxidation was presumed to be due to the 

hydrogen transfer from GSH to homocystine and this reaction 

was claimed to be catalysed by a specific enzyme "Glutathione 

Homocystine Transhydrogenase".

Glutathione in the presence of glutathione reductase and 

a system capable of producing NADPHg has been found to reduce 

CSSC, Homocystine, cystamine and N - alkyl derivatives of 

cystamine (Pihl et al, 1957).

Pihl, showed that the interchange of thiol (GSH) with 

disulphides (YSSY) took place according to the following 

equation.

1) GS" +, YSSY GSSY + YS“.

2) GSSG * GS" GSSG + YS".

GSSG is reduced to GSH enzymically and hence YSSY will be 

fully reduced.

ELdjarn (1956b^ considered the possibility of biological 

reduction of disulphides in general by reactions 1 and 2, 

coupled with the enzymic reduction of GSSG by glutathione.

Enzymic reduction by NADH^ or NADPH_.

a) Glutathione reductase.

Enzymes are known which are involved in the reduction of 

GSSG, having NADPHg as their coenzymes.

Hopkins /
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Hopkins and Elliot (1931)» first demonstrated in livers 

from various animals, a heat labile system which was capable 

of reducing oxidised glutathione.

Mann (1932), found that preparations from ox, sheep and 

rabbit liver catalysed the reduction of GSSG. The reduction of 

GSSG by erythrocytes was reported by Meldrum and Tarr (1935) 

and Rall and Lehninger (1952), who showed the enzymic oxidation 

of NADPH^ by GSSG in the presence of crude pig liver preparations.

Enzymic reduction of GSSG has also been observed in micro

organisms (Suzuki et al, I960; Asnis, 1955; Nicholas, 195^) in 

yeasts (Meldrum and Tarr 1935; Racker 1955a and in higher 

plants by Mapson and Goddard X1951)»

It was shown by Scott et al (1963), that glutathione 

reductase of human erythrocytes showed lipoamide dehydrogenase 

activity (see later). This enzyme contained flavin and was 

active with NADPH2 and to a lesser extent with NADH2. It has 

now been illustrated that all the known glutathione reductases 

are FAD - proteins (Asnis, 1955)«

The glutathione reductase from rat liver has been purified 

to a higher degree by Mize et al (1962). The mechanism of 

the enzyme action has been formulated as follows.

GSSG + Enzyme- SH ..  s Enzyme SSG +>- GSH

Enzyme SSG + NADPH2------- > Enzyme- SH + GSH +. NADP.

The formulated scheme postulates that an enzyme thiol 

residue /
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residue at the active centre attacks oxidised glutathione to 

form a mixed disulphide of the enzyme and glutathione. This 

has been supported by experiments showing the binding of 

radioactivity from 14$ - labelled GSSG to proteins.

Subsequently the radioactivity has been released by the addition 

of nadph2.

Arrigoni and Rossi (1961), separated an enzyme from pea 

plant which reduced S- Sulphoglutathione.

NADPH- + GSSOtHF=^ NADP + GSH + H-SO,. 
> ¿5

Waley (1959)» presumed that the decomposition of GSSO^H 

in crude extracts of lens took place by the combined action of 

glutathione reductase and a reaction of S- Sulphoglutathione 

with GSH to form GSSG and sulphite.

b) Lipoyl dehydrogenase

Lipoamide dehydrogenase characterised by the investigators 

(Straub 1959, Lusty 1965), was found to catalyse the following 

reaction.

NADH2 + lip (S2)^==^NAD + lip (SH2)

(lip (S2) oxidised lipoic acid.

lip (SH2) reduced lipoic acid).

However, the same enzyme reported by Misaka (1965), was 

found to be specific for NADPH2 as coenzyme and did not have 

any / 
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any CSSC reductase activity or glutathione reductase activity.

c) Thioredoxin reductase.

In Escherichia Coli B, Laurent et al (1964), obtained a 

purified protein called thioredoxin which consists of a single 

polypeptide chain with one internal disulphide bridge. It was 

found that E. Coli B contained an enzyme, which catalysed the 

reduction of thioredoxin by NADPH2. This reaction involved 

the transformation of disulphide groups to a thiol group 

according to equation 1). Thioredoxin 
reductase

1) Thioredoxin (So) + NADPHO \--- -------- Thioredoxin (SHO)
ri ri ri

* NADP 

(Moore et al, 1964).

The thioredoxin (SH2) thus formed is believed to reduce 

different types of disulphide bonds according to -

2) Thioredoxin (SHO) + X - (So)---- >Thioredoxin - S_ 
d.----------------------------------------------------------------d

+ X - (SH2).

Thioredoxin reductase was found to be specific for the 

disulphide bonds of thioredoxin. However, it has been shown 

that catalytic amounts of thioredoxin in the presence of 

thioredoxin and NADPH2 can bring about the enzymic reduction of 

disulphide bonds; for instance insulin, by coupling reactions 

1) and 2). The amount of disulphide bonds of insulin reduced 

by NADPH2 was found to be about two times greater than the 

amount /
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amount of thioredoxin added. This observation suggested that 

thioredoxin reduces the disulphide bonds of insulin non*-enzymati

cally according to equation 2); which is followed by the 

reduction of thioredoxin (S2) by thioredoxin reductase with 

NADPH2.

Enzymic reaction of disulphide bonds in cell wall proteins

of Baker’s yeast was reported by Nickerson an Falcone (19%).

They found that the cell wall 
hours at 37°C, with an active

protein on incubation for 2

enzyme preparation of mitochondrial

particulate suspension and a liver enzyme with succinate and 

ethanol as hydrogen donors produced appreciable amounts of 

thiol; which has been determined by the mercaptide formation 

with pCMB.

Enzymic reduction of CSSC.

Reduction of CSSG by frog muscle was reported by Aberhalden 

and Wertheimer (1923). This reducing capacity was lost when 

the muscle was washed; but restored by the addition of heated 

extracts of yeast, muscle or liver; which suggested the 

involvement of a thermostable coenzyme.

Romano and Nickerson (1954), reported the isolation of an 

enzyme system in dried pea seeds and yeast extracts which 

reduced CSSC in the presence of NADPH2.

Bisha et al (1959), reported the presence of cystine 

reductase in wheat embryo.

Worthen /
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Worthen (1961), observed the reduction of CSSC by NADH2 

in whole blood.

Patrick (1962), described the presence of cystine reductase 

in human liver and kidney homogenates.

Zueva and Proskuryakov (i960), reported the presence of 

glutathione reductase and cystine reductase in germinating and 

ripening peas.

A preliminary report on the reduction of CSSC by clothes 

moth Tineola Bisselliella (Humm), was described by Powning 

and Irzykiewicz (1959)» Further investigations by these 

authors (i960), showed that homocystine, GSSG and CSSC were 

equally good substrates and that either NADEL, or NADPH2 could 

function as coenzymes. However, the latter is found to be 

more efficient than the former.

The equilibrium of the reaction catalysed by the clothes 

moth cystine reductase appeared strongly to favour the reduction 

of CSSC. The optimum pH for this reduction was found to be 7.3.

The reduction of CSSC by moth indicates its ability to 

digest wool, which is rich in disulphide bonds. However, no 

evidence has been presented to indicate that the reaction is 

not due to the coupled action of glutathione reductase and a 

non-specific transhydrogenase or to some other non-specific 

system.

Proskuryakov and Buachidze (1956), found that pressed 

yeast and pea seeds contain an enzyme system which was 

responsible for the reduction of CSSC and that NADH2 was 

found /
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found, to be essential as the coenzyme»

Even though the presence of cystine reductase has been 

reported, its properties and purification has not been studied 

in detail so far.

Reduction of Cystine.

It is known that extracellular fluids contain CSSC in 

much higher concentration than CySH. However, biosynthesis of 

proteins, glutathione and coenzyme A demands CSSC in the reduced 

form. The question thus arises as to how CSSC in animal tissues 

is reduced. However, very little research has been done on 

CSSC reduction and even the results obtained so far are 

insufficient to come to any definite conclusion.

Three possibilities have been put forward.

1) CSSC is reduced by thiol - disulphide exchange with GSH. 

Oxidised glutathione formed being reduced to GSH by glutathione 

reductase (Pihl, et alr 1957).

2) CSSC is reduced by cystathionase (Cavallini, 1961).

3) CSSC is reduced enzymatically by cystine reductase which 

uses NADH2 as cofactor (Patrick, 1962).

1) However, it could be argued that the cleavage by thiol 

- disulphide exchange may not be quick enough in order to meet 

the demand for the rate of reduction of CSSC. Moreover, GSH 

with CSSC yields considerable amounts of mixed disulphide and 

this is not cleaved by glutathione reductase (Pihl et.al, 1957).

2) /
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2) Reduction by cystathionase demands the formation of 

hydrogen sulphide. Contrary to this finding, it was reported 

by Duncan (1965) that sulphur is lost from CSSC / CySH mainly 

as sulphite.

3) Even though a few cases of cystine reductase have been 

reported, it has not been isolated in animal tissues and this 

does not permit the exclusion of other mechanisms by which 

CSSC could be reduced.
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SECTION 1

Source and preparation of reagents. The reagents were obtained 

from B.D.H. Ltd. unless otherwise stated. Glass distilled 

water was used throughout. pH’s were measured with a Pye pH 

meter and adjustments made where necessary with 0.1N sodium 

hydroxide or hydrochloric acid.

Buffers. Phosphate buffer (0.06M), pH 7*4. KH2PO^ (Analar; 

9.08 gm) and Na2HP0^. 2H20 (Analar 11.88 gm) were made up to 

2000 ml with water after adjusting the pH to 7»^« (Diem, 1964).

Tris buffer. (0.05M), pH 7*4. Tris- (hydroxymethyl) 

aminomethane (24.2gm) was made up to one litre with water.

25 ml of this solution was brought to pH 7*4 with 0.1N sodium 

hydroxide and made up to 100 ml with water. (Diem, 1964).

Tris - Maleate buffer (0.05M), pH 7«4, Tris - (hydroxymethyl!) 

aminomethane (24.2gm) and maleic anhydride (19.6gm) were made 

up to one litre with water. 25 ml of this solution was brought 

to pH 7.4 and made up to 100 ml with water. (Diem.,. 1964).

Pyridine - Acetic acid buffer (pH 6.5), Glacial acetic acid 

(5 ml; 100%) was added to pyridine (125 ml; 90%) and made up 

to 2.5 litre with water. (Smith, 1962).

EDTA (2 x 10 M). EDTA (74 mg) was dissolved in phosphate 

buffer /
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buffer (100 ml; 0.06 M) s pH 7*4.

AHPF (1*5 x 10"^ M)» AHPF (29 mg) was dissolved in the 

minimum amount of sodium hydroxide (1 ml; 0.1N) and made up 

to 100 ml with phosphate buffer (0.06 M), pH 7.4.

Nicotinamide (3 x 10 M). Nicotinamide (60 mg) was dissolved

in water (100 ml).

NADH2 (1.18 X 10~^ M). NADH2 (Sigma Co. Ltd.) (4. 1 mg) was 

dissolved in water (5.0 ml). This was prepared freshly whenever 

required.

CSSC (0.7^ x 10“*^ M). CSSC (9 mg) was dissolved in the minimum 

quantity of sodium hydroxide (1 ml; 0.1N) and made up to £0 ml 

with phosphate buffer (0.06 M), pH 7.4. Fresh solutions of 

CSSC was prepared daily as it slowly precipitated from the 

solution on standing.

CySH. H20 (lx 10"^ M). CySH. H20 (Light Company) (13.8 mg) 

was dissolved in cold phosphate buffer (100 ml; 0.06 M), 

pH 7.4 and dilutions were made from this solution.

GSSG and GSH (1 x 10~3 M). GSSG (61 mg) or GSH (JO mg) (Light 

Company) were dissolved in phosphate buffer (0.06 M), pH 7.4 

and made up to 100 ml each.

ATP /
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ATP (1 pm mol/ml). 6mg ATP was dissolved in water (10 ml).

RNase. The enzyme lm^ was dissolved in water (10 ml).

DTNB« (1 pmol/ml). DTNB (Aldrich Co.)) (30.8 mg) was dissolved 

in phosphate buffer (20 ml, 0.2 M) and made up to 100 ml with 

water.

Potassium ferricyanide. (1 p mol/ml). Potassium ferricyanide 

32 mg was dissolved in water (100 ml).

Ascorbic acid. (1 p mol/ml). Ascorbic acid kl? mg) was 

dissolved in water (100 ml).

Sodium hydrosulphite. (1 p mol/ml). Sodium hydrosulphite 

(O.l ml of 10 Molar solution) was diluted to 100 ml with water.

Noradrenalin. (1 p mol/ml). Noradrenalin (31 mg) was dissolved 

in water (100 ml).

Biuret reagents. For method 1 see page 32. This was prepared 

according to Gornall et al (19^9).

Cupric sulphate (CuSO^. 5 HgO, Analar), (1.5 gm) and 

sodium potassium tartrate (NaKC^H^Og. 4 HgO, Analar) (6 gm), 

were dissolved in water (500 ml) in a litre volumetric flask. 

Sodium hydroxide (300 ml; 10%) was added with constant swirling 

and the solution finally made up to one litre with water. The 

biuret reagent was stored in a paraffin lined bottle and 

discarded /
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discarded on any sign of precipitation.

For Method II see page 32 * This was prepared according 

to Lowry, et al (1951)»

Reagents.

Reagent A. Sodium carbonate (Analar) 2% was made up in sodium 
■ 

hydroxide (0.1N, Analar). 
■

Reagent B. Cupric sulphate, (CuSO^. 5 H^O, Analar) (0.5%) was 

made up in sodium potassium tartrate (NaKC^H^Og. 4 H20, Analar) 

(1%).

Reagent C. Alkaline copper sulphate solution. 50 ml of 

reagent A was mixed with 1 ml of reagent B.

Reagent D. Diluted Folin Ciocalteau phenol reagent was titrated 

with sodium hydroxide to a phenolphthalein end point. On the 

basis of this titration, the reagent was diluted to make it to 

IN in acid.

It was found necessary to prepare reagent B fresh for each 

estimation, since crystallisation occurred. The Folin Ciocalteai 

reagent was diluted one in four.

Ninhydrin reagent. Ninhydrin (0.2 gm) was dissolved in water 

(5 ml) and made up to 100 ml with acetone (Smith, 1962).

Purification of para-chloromercuribenzoate. pCMB was purified 

by dissolving in alkali (IN) and reprecipitating by the addition 

of acid (IN), (Hellerman, 194j).

The /



The precipitate was washed and dried at 110°C. pCMB 

solution obtained by dissolving it in sodium hydroxide (0.1 Normal) 

was standardised spectrophotometrically at 255 mp by measuring the 

absorbancy increase which follows the addition of excess CySH 

(Boyer, 1954).

GSSC. The mixed disulphide (GSSG), was prepared as described by 

Waley (1959) with a slight modification.

GSSC (1.2.3 gm) 131 water, (10 ml) was treated with sodium 

sulphite (Na^SO^. 7 H^O). (5 gm) and oxygen bubbled through for 

24 hours after adjusting the pH to 6.9 with acetic acid. With a 

further addition of Na^SO^. 7 H^O (5 gm), the passage of oxygen 

was continued for 48 hours. The solution thus obtained was passed 

through a column packed with cation-exchange resin amberlite - 1R - 

120 (H), (B.D.H.) (7 gm). The elute obtained from the solution 

after passing through the column was freed of sulphur dioxide by 

passing nitrogen through. Barium acetate (20 ml; 25^ w/v) was next 

added and the precipitated barium sulphate centrifuged at 7,000 x g 

and ethanol (75 ml) was added to the supernatent. The barium salt 

of S-sulphogLutathione was collected and dried in air (yield 0.92 gm) 

The product obtained was dissolved in water and recrystallised. 

The absence of GSSG from S-sulphoglutathione was tested by paper 

electrophoresis (page 98).

Cysteine (3.6 mg) in phosphate buffer (1 ml; 0.01 M) pH 7.4 

was added to S-sulphoglutathione (17.6 mg) in water (1 ml) and pH 

adjusted to 7.0 Nitrogen was bubbled through the solution for 

24 /



23

24 hours. The product thus obtained was filtered and the 
t-----

supernatent ana, freeze a-riea.

(YieldIO.2 mg). The solution (in phssphate buffer, pH 7.4) of 

the product when subjected to electrophoresis showed the homogenity 

of GSSC (see page 98).

GSSC (1 x 10 %i) GSSC (4.9 mg) was dissolved in phosphate buffer 

(10 ml; 0.06 M) pH 7.4. GSSC was prepared freshly as it was 

rather unstable.
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SECTION II» 

Techniques

Liver homogenates» Homogenates were prepared similarly from 

livers taken from rats, mice, guinea pigs or hamsters. The 

procedure used was essentially that of Potter (1948), except 

that a larger pestle was used.

The liver was rapidly excised, cooled in crushed ice, 

freed of gall bladder and weighed with continuous ice cooling. 

Liver (2 gm or 3 gm) was homogenised rapidly in (4 ml, 0.06 M), 

phosphate buffer pH 7.4 for one minute and then for another 

minute more slowly in (8, 6, or 1 ml) to give a 20%, J0%, or 

60% homogenate.

Subcellular fractionation by differential centrifugation. 

Rat liver homogenate (20%) was prepared in sucrose (0.25 M), 

(in the preparation of liver homogenate, phosphate buffer was 

replaced by sucrose) for differential centrifugation, according 

to Schneider and Hogeboom (1950).

Six subcellular fractions were obtained as follows.

Initial homogenate. /
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Initial homogenate.

J- -
Supernatent. spun at Residue suspended in JO ml
15,000 g for 10 mins. sucrose (0.25 M) as

“Nuclear Fraction”.

Residue suspended in JO ml Supernatent.
sucrose as “Mitochondrial 105,000 x g for 1 hour. 
Fraction”.

Pellet suspended in sucrose Supernatent as
(JO ml; 9.25 M). 15 nil of this ”Cell Supernatent”
used as “Unwashed Microsome Fraction”.
Remaining 15 ml spun at 105,000 x g 
for JO mins. ।

Pellet resuspended in sucrose Supernatent as “Microsomal 
(15 ml) as ”Washed Microsomal Washing Fraction”.
Frac tion”.

Dialysis. The dialysis tubing used (VISKING tubing, 24”/j2”) 

was previously soaked in water for 24 hours. Dialysis of 

homogenate or microsome was carried out at 5°C with constant 

mechanical stirring for 24 hours. The amount of dialysis 

medium (phosphate buffer, 0.06 M; pH 7.4, or sucrose, 0.25 M) 

used were as follows.

l .JO volume per volume of homogenate (20%).

2 .For concentrated dialysate, one volume per volume of 

homogenate was used.

Protein precipitation. Metaphosphoric acid (0.1 ml; of 5%) was 
I
added to a final concentration of 2%. This always gave a 

protein free supernatent on centrifugation.

”pH 5” /
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"pH 3” treatment of undialysed homogenate or microsomes. 

Undialysed liver homogenate or microsomes (10 ml; 20%) in 

phosphate buffer (0.06 M) pH 7.4, was brought to "pH 5" with 

citric acid (1 ml; 0.1 M) cooled by ice. 5 minutes after the 

addition of citric acid, the precipitates formed from homogenate 

and microsomes were collected by centrifugation for 30 minutes 

at 7»000 x g and 105,000 x g. The centrifuged supernatent from 

the homogenate and microsomes were neutralised with ammonium 

hydroxide (1 ml; 10%) and the pH taken up to 7.4. The residue 

obtained from homogenate and microsome after centrifugation were 

resuspended in the same volume of phosphate buffer (0.06 M), 

pH 7.4.

Acetone powder preparation. Homogenate or microsome (in 

phosphate buffer, 0.06 M) was chilled with acetone and dry ice 

and mixed with stirring into chilled acetone (400 ml). Stirring 

was continued for 5 minutes, the acetone suspension (brownish 

pink) allowed to settle and the clear supernatent decanted.

The suspension was rapidly filtered 

with chilled acetone and dried with 

was 200 mg from homogenate and 125

on a Büchner funnel, washed 

P20^ "in vacuo". The yield 

mg from microsomes.

Acetone powder (80 mg) from homogenate or microsome was 

suspended in phosphate buffer (8 ml; 0.06 M) pH 7.4 and 

centrifuged immediately before use.

htnanol treatment. The method was that described by Kuby et al 

(1954).
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(1954). Homogenate or microsomes (10 ml, 20%) was chilled to 

about 0°C and 95% ethanol (10 ml at - 10°C) was added with 

mechanical stirring in 10 mins. After keeping for JO mins at 

0°C, the suspension was centrifuged at 105,000 x g for JO mins. 

The precipitate was collected and dissolved in phosphate 

buffer (10 ml; 0.06 M), pH 7.4.

Estimation of protein. This was performed by Biuret method. 

When homogenate fractions contained more protein than 0.5 mg/ml, 

estimations were carried out by the Biuret reaction according 

to the method of Gornall et al. (1949), (method 1). For protein 

solutions with a concentration less than 0.5 mg/ml, the method 

of Lowry et al (1951)» (method II) was used. For preparation 

of reagents see pages 25 and 26.

Method I. The protein solution was made up to a total volume 

of 2 ml with phosphate buffer (0.06 M; pH 7.4). To this, 

Biuret reagent (8 ml) was added, shaken and stood for JO mins. 

The colour developed was read at 5&0 mp in 1 cm cells.

A calibration curve was prepared from serial dilutions 

of serum with known protein content.

Method II. To the protein sample diluted to J ml with phosphate 

buffer (0.06 M; pH 7*4) reagent C (1 ml) was added and allowed 

to stand for 10 mins at room temperature. 0.1 ml of reagent 

D was added very rapidly and mixed immediately. After JO mins, 

the developed colour was read in 1 cm cells at 750 mp.

A /



33

A calibration curve was prepared from serial dilutions of 

human serum albumen of known protein content* The protein 

solutions tested were diluted until the appropriate concen

trations within the limits of the curves were found. High 

concentrations of protein or salts caused precipitation in 

the solution.

Gel filtration using Sephadex. Sephadex G 25 (10 gm) was 

swollen in water for 24 hours and any fine particles removed 

by decantation.

The aqueous suspension was poured into a prepared column 

and the water allowed to flow out. The void volume was 

determined with Indian ink.
The column was cooled to 5°C and the treated homogenate 

(homogenate 60%, spun at 9,000 x g for 10 mins and the super- 

natent thus obtained is the treated homogenate) (5 ml) applied, 

followed after absorption by phosphate buffer (0.06 M, pH 7.4).

After rejecting the void volume, 5 ml fractions of effluent 

were collected in a fraction collector and assayed for protein 

(see page J2). All the protein emerged into tubes 1-8. 

Tubes 3-5 (which had the same protein concentration as the 

original homogenate) were pooled. This fraction is termed 

’’Sephadex treated protein fraction (STPF). Tubes 9-12 were 

also pooled. This fraction is termed ’’Sephadex treated non

protein fraction (STNPF). Both fractions were freeze dried 

and /



and reconstituted when required in the same volume of buffer.

High voltage paper electrophoresis.-■ Whatmam No. 3 M.M. paper 

(22” x 18”) was wetted with pyridine buffer pH 6.5 (see page 2J) 
—6and excess of it blotted out. Samples (0.1 ml; x 10” mol/ml) 

were applied dropwise 8” from the top edge of the paper.

ELectrophorescis was carried out in the apparatus of 

Michl (see Kyle 1962).

The top side of the buffer soaked and sample spotted 

paper is supported in an upper trough from which it hangs down 

vertically, its lower side dipping into a second trough. Both 

troughs are filled with buffer into which dip the two electrodes 

(top containing the cathode). The apparatus is contained in a 

large jar fitted with a cooling coil and completely filled with 

white spirit.

l,80C volts DC at 48 M A were applied for 2-J hours and 

the paper after drying at 70°C for JO mins was sprayed with 

ninhydrin and heated for 20 mins at 7O°C to develop the blue 

spots.

1I y < '' 'I
ERRATUM - In the experimental section read 10 mol/ml as 

10“^ mol/2.5 mis.
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RESULTS

Section 1.

The assay of CySH. The reduction of CSSC to CySH is most 

conveniently measured by assaying the CySH formed. Hence 

attention was given to the methods available for assaying CySH.

Specific method. A specific method for assaying CySH was 

described by Roston (1963), and this was first investigated.

It is based upon the finding that equivalent amounts of 

CySH, but not any other sulphydryl compounds and noradrenochrome 

interact together to give a yellow colour which has an absorbancy 

at 4-14- mp.

Noradrenochrome is formed "in situ" from noradrenalin by 

ferricyanide oxidation and after subsequent treatment with 

ascorbic acid to destroy the excess potassium ferricyanide, the 

CySH solution is added last.

As is seen from fig. l(i), the absorbancy increased 

linearly with increasing CySH concentration under the conditions 

specified by Roston (1963). Above 0.20 p mole of CySH however 

(Roston 0.12 p mole), no further increase in absorbancy occurred.

This method was found to suffer from two other disadvantages. 

1) Compared to other methods available for estimating thiol, 

this method is insensitive (e.g. see fig. l(ii)X 

2) /



36

Fig. 1 (i) Specific assay method for CySH.

Noradrenalin (0.40 ml; 1 ju mol/ml) was reacted with potassium 
ferricyanide (0.50 ml; 1 u mol/ml) and kept at 20°C for 2 mins, 
followed by the addition of ascorbic acid (0.40 ml; 1 p mol/ml). 
The amounts of CySH shown (obtained from a solution in water 
containing 1 p mol/ml) were added and the volume made up to 3.5 
ml with phosphate buffer (0.06 M) pH 7.4, after the addition of 
sodium bisulphite (0.4 ml; 1 p mol/ml). Optical density 
measurements were made in 1 cm cells. Values plotted are the 
means of three estimations.

CySH (jATnole)
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Fig« 1 (ii). Specific assay method for thiol.

Solutions containing CySH shown were made up to 3.0 ml with 
phosphate buffer (0.06 M) pH 7»^ and thiol assayed after 
adding DTNB solution (0.50 ml; 1 ji mol/ml). Concentrations 
given are the amounts in 1 ml of sample estimated. Values 
plotted are the means of two estimations.

From the slope E max is 13»400.
Ellman gives 13,600; Jocelyn 13,300.
The value of 13,400 is used throughout this work.
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2) Inhibition of colour development is observed in the presence 

of certain compounds (table l(i)), which were essential for 

assaying cystine reductase.

Non-specific method. Because of these disadvantages, the 

method had to be abandoned.

A method which is not specific for CySH but is specific 

for assaying thiols has been described by Ellman (1958).

This is based on the reaction between the almost colourless 

di(5-carboxy-4-nitrophenyl) disulphide and thiols.

This disulphide is converted by thiol disulphide exchange into 

an intensive yellow mitrobenzene thiol which has an absorbancy 

at ^12 mp. The amount of thiol formed is equal to the 

concentration of the original thiol.

Increase in the concentration of CySH produced a linear 

increase in absorbancy with no upper limit (fig. l(ii)). For 

a given amount of CySH, the maximum absorbancy is attained in 

two minutes at pH 7.4 (fig. l(iii)). At lower pH’s, the rate 

of colour development is less but the final value is virtually 

independent of pH over the range 6.5-7.8 (fig. l(iv)). The 

added substances namely EDTA, AHPF and MPA did not have any 

effect /
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Fig, l(iii) Bate of increase in optical density of CySH.

Except for varying the time, other conditions were the 
same as in fig. l(ii).
Values plotted are the means of two estimations.
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Fig. l(iv) pH dependance of colour.

Conditions used were the same as given in fig. l(ii). 
0.06 M phosphate buffer was used.
Values plotted are the means of two estimations.
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effect on this method (table l(i)).

This method is nine times more sensitive than the specific 

assay method described above.

Assay of thiol in homogenates. It was now necessary to ensure 

that the method was suitable for assaying thiol present in rat 

liver homogenate as this was the system to be investigated as 

a source of cystine reductase.

Increasing the concentration of homogenate, gave a linear 

increase in the assayed thiol content. A typical 4% homogenate 

contained 0.12 p mol/ml thiol (hence 1,2 p mol/gm. liver) 

(fig. l(v).

However since endogenous thiol is known to be mainly 

glutathione it was necessary also to investigate the behaviour 

of added CySH to homogenate, since during the reduction of 

CSSG by homogenate, CySH would be formed.

Recovery of CySH added to homogenates. Known amounts of CySH 

as shown in table 1 (ii) were added to homogenate in the cold 

and assayed. This resulted in almost 100% recoveries of added 

CySH.

Effect of EDTA and AHPF on the loss of thiols from incubated 

homogenate and CySH. However, the CySH formed by the reduction 

of CSSC is also subjected to incubation at J7°C (see table 2(i), 

and /
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Table l(i). Effect of adding various solutions on -

1) specific assay of CySH and 
2) non-specific assay of CySH.

CySH (0.30 ml; 1 p. mol/ml), was mixed with phosphate buffer 
(0.06 M) pH 7.4, to give a final concentration as shown below. 
Thiol present in this mixture was assayed as described in 
specific and non-specific assays of CySH. In the case of MPA, 
pH was adjusted to 7*4 immediately prior to the assay by the 
addition of ammonia (10%). Recovery is given as percentage 
of the value found with CySH alone after 5 mins at 20°C and 
37°C.

Results are the means of two assays.

J
1 Recoveries after

1 
? 1 2

Substance added Final cone . 5 min at 5 min at 30 min at
20°C 20°C 37°C

Nil — 100 100 84

EDTA 1 u mol/ml 63 98 93

AHPF 1 u mol/ml 50 100 86

MPA 2% 84 99 89

EDTA + 1 p mol/ml

AHPF + 1 u mol/ml

MPA 2% 40 100 96



Fig. 1 (v). Assay of thiol in homogenate»

Homogenate (containing 20 gm liver/100 ml) was diluted with 
phosphate buffer (0.06 M) pH 7»^» to the final concentration 
per ml shown. Proteins were precipitated from 1 ml of the 
mixture by adding HPA (0.20 ml; 10%). After centrifuging, the 
supernatent was adjusted to pH 7.4 with ammonia and thiol 
assayed as described in the specific assay method (page 37)»



Table 1 (ii). Recovery of CySH added, to homogenate.

Homogenate (4%), containing the amounts of added CySH shown 
was made up by mixing homogenate (20%), CySH and phosphate 
buffer (0.06 M). Assay of thiol was done two mins after the 
addition of CySH to the homogenate as described in fig. l(ii). 
The thiol titre of the homogenate without added CySH was 
subtracted.

CySH added (p mol/ml) % Recovered

Nil 100

0.10 99

0.25 99

0.50 99

1.0 99^
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and hence it was necessary to know the percent recovery of 

added CySH to homogenate and incubated at this temperature. 

In fact this treatment led to considerable loss both of 

endogenous thiol and also of added CySH. This loss did not 

occur when the incubation was performed in the absence of 

oxygen (under nitrogen or in evacuated Thunberg tubes) and has 

been shown to be due to the oxidation of thiol by enzymes 

present in the homogenate (see introduction pages 4 and 5)• 

Addition of Xanthine oxidase inhibitor AHPF, and EDTA a metal 

chelating agent, prevented this oxidation and allowed 92% 

recovery of added CySH. These results are in good agreement 

with the previous findings by (Jocelyn, 1964). EDTA seems to 

exert some influence on the oxidation of thiol when present 

alone. This may be due to the binding of heavy metal Ions 

(which is known to catalyse the oxidation of thiol) present in 

the medium (distilled water used to prepare the buffer may be 

contaminated with metal Ions) by EDTA.

Altering the concentration of homogenate did not exert any 

influence on the recovery of added CySH in the presence of 

EDTA and AHPF (table l(iii)a. footnote **).

However, at higher incubation temperatures, the recovery 

of added CySH decreases gradually resulting in a 20% recovery 

on incubation for 5 mins at 98°C (table l(iii)b), thereby 

showing that at high temperatures AHPF is less efficient to 

prevent thiol oxidation.

Because /
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Table 1 (iii) a. Effect of EDTA and AHPF on the loss of thiol 
from incubated homogenate and CySH.

Homogenate (0.50 ml, 20%) was mixed with the substances shown 
at Ou and diluted with phosphate buffer (0.06 M) pH 7.4 to 
give the final concentrations shown below. Incubation was done 
at 57°C for 5 and 20 mins. Thiol was assayed on deprotenised 
samples as given in specific assay method for thiol (fig l(ii). 
Percentage recovery of thiol was found by the difference before 
and after incubation.

Substance added Final cone'. . 
(ji mol/ml).

Percentage recovery

Time in mins.

5 20

Nil — 80 70

EDTA 2.0 85 76

AHPF 1.5 89 80

EDTA + AHPF 2.0 + 1.5 94 84

CySH 1.0 64* 35*

EDTA + CySH 2.0 + 1.0 72* 41*

AHPF + CySH 1.0 + 1.0 82* 80*

EDTA + AHPF + CySH 2.0 + 1.5 + l.o 92* 90*

under Nitrogen

evacuated Thurnberg

90* 86*

tubes 90 91

* endogenous loss has been subtracted and figures 
percentage recovery of CySH.

given as

** Similar recoveries of added CySH was obtained when the 
concentrations of homogenate was altered.
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Table 1 (iii) b. Effect of EDTA and AHPF on the loss of thiol 
from incubated homogenate and CySH at high temps*

* Endogenous loss has been subtracted and figures given as 
percentage recovery of CySH.

Except for varying the incubation temps, and time (shown below), 
other conditions were the same as in Table 1 (iii) a.

Substance added Final cone. . 
(p mol/ml).

Percentage recovery in 
5 mins at

60°C 80°C 98°C

Nil — 60 48 30

EDTA +; AHPF 2.0 + 1.5 73 65 46

CySH 1.0 JO* 22* 08*

EDTA + AHPF + 2.0 + 1.5 +

CySH 1.0 79* 40* 20*

under Nitrogen — 76* J6* 21*
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Because of the high recovery in the presence of AHPF 

and EDTA, CySH was assayed under the conditions specified 

in Table 1 (iii) a, throughout this work.



Section II»

Assay of cystine reductase activity in homogenates» 

Attention can now be given to the enzyme reduction of CSSC 

by NADEL, in rat liver homogenates (see introduction page 19 ).

Complete system» Buffer, CSSC, NADH2 and homogenate were 

incubated for a given time, then the proteins precipitated and 

the CySH formed assayed. The full composition of the incubation 

medium (referred to as the complete system) and the usual 

assay conditions are as given in Table 2 (i). The inclusion 

of EDTA and AHPF has already been explained. Nicotinamide was 

added because it is said to prevent the hydrolysis of NADH2 

( Frantz et al, 1954).

Repeated assays on the 1) same homogenate and 2) different 

homogenate. The reproducibility of CSSC reduction m the same 

and different homogenates is illustrated in Table 2 (ii), which 

shows the accuracy or the variation in CSSC reducing activity 

by different homogenates.

No Significant difference was found between male and 

female rats.

Variation of incubation time. When the time of incubation is 

varied using the complete system, the velocity of the reaction 

is found to be fairly constant up to 4 mins and thereafter to 

fall /
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Table 2 (i). Conditions and reagents generally used for the 
assay of CySH.

The substances (final concentration / ml shown) were added in 
a final volume of 2.5 ml.

Substance added Volume 
(ml).

Final cone. / ml.

Homogenate 0.50 100 mg. rat liver

CSSC 0.20 0.06 p mol/ml

NADH2 0.20 0.09

Nicotinamide 0.10 0.20

EDTA 0.20 0.16

AHPF 0.20 0.12

Phosphate
buffer pH 7.4 1.1 0.03

The homogenate was added to start the reaction. After 
incubating at 37°C for 4 mins, the reaction was subsequently 
stopped with MPA (final concentration 2%). Thiol was assayed 
on the deprotenised solution as described in the non-specific 
assay of CySH. The thiol content of the original homogenate 
was subtracted.

Thiol is always expressed as 10 mol/ml of the incubation 
medium.
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Table 2 (ii). Repeated assays on. 1) same homogenate 
different homogenate.

1) Repeated assays on the same homogenate at the same time and
2) assays on different homogenates at different times were done
on fresh homogenates. Other experimental details were the same
as in Table 2 (i).

No. of 
assays

Mean Range Standard 
deviation

1) Repeated assays on 
same homogenate 10 1.22 1.14 -

1.28
i 0.07

2) Assay on different 
homogenates (male) 10 1.0 0.75 -

1.25
i 0.25

Assay on different 
homogenates (female) 10 1.1 0.80 -

1.28
i 0.24
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fall off. Thus after the first 4 mins approximately half the 

added CSSC is reduced whereas after the second 4 mins only 

another one fourth is reduced (fig. 2 (i)). A nearly 

quantitative reduction of the added CSSC (80%) is observed 

after about 16 mins. Beyond this no further increase in thiol 

formation has been observed to get a maximum conversion of 100%

Distribution of enzyme activity.

1) In different tissues of rat. The ability of various 

tissue preparations to reduce CSSC under the assay conditions 

given was used as a measure of the amount of cystine reductase 

present in the particular preparation tested. It is seen from 

Table 2(iii), that rat’s liver is found to be the most active 

tissue tested while all the others showed very poor activities.

In livers of different animals. Investigations with livers of 

different animals for the enzyme activity showed that guinea 

pig liver had the greatest activity (Table 2 (iv)) being 

approximately 25% more than that of rat liver.

Effect of omissions and substitutions. The effect on CSSC 

reduction of omitting each component one at a time or replacing 

them with other components is shown in Tables 2 (v) and 2 (vi). 

In all cases, thiol formation was found to be less than that 

of the complete system.

After the omission of substrate or NADH_, the amount of 

thiol /
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Fig» 2 (i). Variation of incubation time«

Substances (amounts and volumes) added for the assay of CSSC 
were increased five fold and the other conditions were the 
same as given in Table 2 (i).
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Table 2 (iii). Distribution of enzyme activity in different 
tissues of rat.

Liver homogenate (20%) was replaced by the same volume of other 
homogenates in the assay procedure described in Table 2 (i).
The preparation of tissue homogenate is described under technique 
section.

Table 2 (iv). In livers of different animals.

Tissue homogenate Thiol formed (x 10”? mol/ml)

Liver 1.16

Heart 0.08

Spleen 0.16

Pancreas 0.17

Brain 0.20

Blood 0.24

Kidney 0.J2

Rat liver homogenate (20%) was replaced by the same volume of 
liver homogenates of other well fed animals shown below in the 
assay procedure described in Table 2 (i). The same procedure 
as for the rat homogenate was employed for the preparation of 
homogenates.
Results given are the means of 2 animals estimated.

Liver homogenate Thiol formed (x IO”? mol/ml)

Rat 1.14 -0.10

Guinea pig 1.47 -0.O6

Mouse 1.06 - 0.05

Hamster 1.24 - 0.08
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Table 2 (v). Effect of omissions.

An equivalent volume of phosphate buffer was added to replace 
tne omitted components. Other experimental details were"the 
same as in Table 2 (i).

Omissions Thiol formed (x 10”? mol/ml)

None 1.28

OSSO 0.26

NADH2 0.30

Homogenate 0.05

Nicotinamide 0.70

EDTA 0.98

AHPF 0.70
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Table 2 (vi). Effect of substitutions.

The omitted components were substituted by the substances at 
the final concentration shown below. Nitrogen gas was bubbled 
through or incubation was done in evacuated Thurnberg* tubes 
when AHPF was excluded from the medium. Other experimental 
details were the same as in Table 2 (i).

Omissions Substitutions Final cone, 
(p mol/ml)

Thiol formed 
(x 10“ ' mol/ml)

None - C T*. 5 1.10

esse GSSG 0.06 0.22

esse Cystamine 0.06 0.24

AHPF Nitrogen — 1.05

AHPF Anaerobic* - 1.02

nadh2 Pyridoxal
Phosphate 0.09 0.26

nadh2 NADPH2 0.09 0.28

nadh2, esse NADPH2, GSSG 0.06, 0.09 0.80

Phosphate 
buffer

1) Tris-Hcl 0.024 1.10

2) Tris- Maleate 0.25 1.05
3) Water — 0.85
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thiol formed fell by about 80%. The little reduction observed 

is probably due to small amounts of substrate and NADH2 already 

present in the homogenate prepara.tion, The lower activity 

observed in the absence of AHPF and EDTA or nicotinamide has 

already been mentioned.

After substitution of GSSC by GSSG or cystamine, the 

amount of thiol formed was no greater than that found when GSSC 

was omitted; thus neither of these disulphides can replace 

CSSC as a substrate.

No appreciable amount of thiol is formed when NADPH2 

replaces NADH2 and the CSSC reducing system is therefore 

specific for NADHg. GSSG with NADPH2 showed activity.

Table 2 (vi) also shows that the buffer used is not 

critical. Thhs, both Tris-Hcl and Tris-Maleate can replace 

phosphate buffer with no significant change in the reduction 

rate; however without any buffer at all, a slight fall in the 

rate of reduction is observed.

Variation in reaction conditions. When the pH of the buffer 

was varied between 5-8, the rate of CSSC reduction remained 

fairly constant between pH 7 - 8, but fell off at lower pH 

values; at pH 5» the rate was about one-third of the value at 

pH 7.4. (Fig. 2 (ii)).

The effect of varying Incubation temperature. When the 

incubation temperature was varied from 0 - 98°C, a steady 

increase /
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Fig. 2 (ii). Effect of varying pH on GySH formation.

Phosphate buffer (0.06 M) was adjusted to the desired pH as 
shown below. To make it acidic or basic, either 0.1 N Hcl or 
0.1 N sodium hydroxide was added and the pH checked in a pH 
meter. Other conditions were the same as given in Table 2 (i).
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Fig» 2(iii). Incubation temperature«

Except for varying the incubation temperature of CSSC 
reducing system other conditions were the same as in Table 
2 (i).
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increase in thiol formation took place with increase in 

temperature to a maximum of 40 C. Beyond 50 C, a sharp decline 

in activity was observed (Fig. 2 (iii)). Even though recoveries 

of CySH at higher temperatures are less than at low temperature 
(namely 79» **0 and 28% at 60, 80 and 98°C - this has already 

been stated in Table 1 (iii) b), the loss incurred during the 

enzymic reduction of CSSC at the above mentioned incubation 

temperatures exceeded CySH lost in recoveries. This loss is 

presumably due to progressive destruction of the enzyme at 

higher temperatures as shown in Table 3 (i) and it is seen that 

subjecting the enzyme to low temperature gives a maximum activity.

From these results it appears that J7°C is the suitable 

incubation temperature to assay the reduction of CSSC.

The effect of varying the concentrations of components. CSSC 

reducing activity was found to vary with the concentration of 

phosphate buffer of the incubation medium. Thus activity 

increased up to about 0.06 M phosphate buffer and falls off 

slightly at higher concentrations. Cystine reducing system 

requires buffer for maximum activity as experiment without 

buffer gives low value. (Table 2 (vii).

The effect of altering the concentration of homogenate. The 

amount of liver homogenate employed is shown in Fig. 2 (iv). 

Up to 0.5 ml, the rate increased linearly with homogenate 

concentration /
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Table 2 (vii). The effect of varying the concentration of 
phosphate buffer pH 7.57

Phosphate buffer (1.1 ml) with varying concentrations shown 
were added to make up a final volume of 2.5 ml. The desired 
concentration of buffer was obtained by either increasing or 
decreasing the components of phosphate buffer (0.06 M) in the 
incubation medium. In the case of nil, phosphate buffer was 
replaced with water. Other experimental details were the same 
as for conditions and reagents generally used for the assay of 
CSSC (Table 2 (i)).

Final con. 
in the 
incubation 
medium

Nil 0.02 0.04 0.06 0.08 0.10 0.20 0.40 1.0

Thiol
formed- (x 10"Z 
mol/ml).

0.82 0.90 1.10 1.27 1.10 1.0 0.96 0.86 0.60



62

Fig. 2 (iv). The effect of homogenate concentration upon thiol 
formation.

Homogenate at a final cone, shown were added to the incubation 
medium [homogenate (0.5 ml, 20%) gives a final cone, of . 
The volume of phosphate buffer was either increased or reduced 
corresponding to the volume of homogenate to give the same 
final volume in 2.5 ml. Other conditions were the same as in 
Table 2 (i).



concentration as expected.. At higher homogenate concentrations 

however the rate falls off sharply (thiol recoveries at these 

concentrations has already been stated in Table 1 (iii) a. 

footnote). This inhibitory effect by excess homogenate has not 

been explained.

The effect of altering CSSC and NADH^ concentrations. 
------- -----------"--------------------------- --- ------- ----—...... .....................

Increasing the concentration of either CSSC or NADH2 (with 

other components kept constant), gave an increase in the rate 

of thiol formation up to a maximum rate in accordance with the 

theory. In the case of NADH2 further increase in concentration 

did not further affect the rate; in the case of CSSC however 

the rate fell again at high CSSC concentrations. (Figs. 2 (v) 

and 2 (vi)).

Michaelis Constant (K ). K values obtained by linear method nr— m
of Lineweaver and Burk (193^) (see Fig. 2 (vii) were as follows

< r
for CSSC and NADH^, Z.9&X 10 and 0.99 x IO"2 Moles/litre.

Cyclic assay method. Owens and Belcher (1965) described a 

method for the cyclic reduction of GSSG , which is based on the 

observation that GSH produced by the enzyme reduction of GSSG 

reduces the disulphide DTNB to the coloured thiol form. This 

regenerates more GSSG for further enzymic reduction. An 

attempt was made to see whether this method could be used to 

assay the CSSC reducing enzyme system.

However /



Fig« 2 (v). Effect of CSSC concentration on velocity,

CSSC (0.20 ml) at a final cone, shown were added to the 
incubation medium. Other conditions were the same as for the 
assay of CSSC (Table 2 (i)).
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Fig. 2 (vi) » Effect of NADH^ concentration, on velocity»

NADH2 (0.20 ml) at a final concentration shown were added to 
the incubation medium. Other conditions were the same as in 
Table 2 (i).
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Fig* . Michaelis Constant, (Lineweaver and Burk plot).

Reciprocal velocities (velocity is the amount of thiol formed 
per minute) I/v is plotted against the reciprocal of substrate 
concentration 1/s.

0 CSSC (at NADH concentration of 90 uM),
I NADHg (at CSSC concentration of 60 ja M).

For CSSC : K = 292 u M; apparent V = 97 p moles 
m ' HlaX . , • n thiol per mm.

For NADH : K = 99 p M; apparent V = 32 p moles thiol per 
mm.

Tne difference in is due to the fact that the enzyme is not 
saturated with the constant component. When allowance is made for 
this the values of V become: max
For the CSSC experiments 204 ± 15 and for the NADH experiments 
186 ± 17. These values are not significantly different.



67

However, no significant reduction was observed under 

the conditions of the system employed (Fig. 2 (viii)). It 

was subsequently observed that DTNB inhibits the CSSC reducing 

system, since its presence in the incubation medium resulted 

in a very low thiol formation (Table 2 (viii)).
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Fig» 2 (viii). Cyclic assay method.

NADH2 (0.10 ml), CSSC (0.20 ml), EDTA (0.07 ml) AHPF (0.10 ml), 
DTNB (0.10 ml) (concentrations as for the assay of CSSC) were 
made up to 3 ml with phosphate buffer (0.06 M) pH 7*4.
Homogenate (0 - 0.05 ml? x - 0.02 ml; △ - 0.01 ml) were added 
at zero timeQand cuvette shaken. Optical density was read at 
412 mju at 37 C. O.D due to turbidity was substracted from a 
medium containing the same volume of homogenate made up to 3 ml 
with phosphate buffer.

Time (min.)
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Table 2 (viii). Assay of CSSC reduction in the presence of DTNr.

Conditions were the same as described for the assay of CSSC 
(Table 2 (i)), except 0.2 ml of phosphate buffer which was 
replaced by 0.10 of DTNB (0.1 ml of 1 ji mol/ml) prior to the 
addition of homogenate.

Thiol formed (x 10”? mol/ml)

Complete system 1.19

+ DTNB 0.20
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Section III»

Some properties of CSSC reducing system. Using the method 

described on page 5-0 for assaying the enzymic reduction of 

CSSC, some of its properties have been further studied.
Subjecting the homogenate to temperatures either 0°C or 

20°C for 2^ hours, resulted in a fall in activity. But storage 

at these temperatures for longer periods gave a progressive 

decrease in activity (Table 3 (i)). There was little 

difference in the values found between homogenate stored at 
0°C or the homogenate frozen at -2O°C for the same time. 

Exposure to room temperature resulted in almost 100% inactivatio 

in 24 hours, while 5-30 minutes at 70 - 98°C was sufficient 

for almost complete loss of activity. The instability of 

the enzyme at high temperature has already been stated in 

page 57.

Stability in acid and alkali. Pre-treatment with acids and 

subsequent neutralisation with bases also gave loss in activity 

(Table J (ii). The low activity observed at low pH's had 

already been mentioned in Page 57.

Acetone powder. Some enzyme preparations are stabilised by 

storage as an acetone powder. Hence the method was applied in 

the present work. The technique was as described by Kaplan 

and Lipmann (1948) (see technique for details on page 51). 

The /



By error page 71 has been omitted; page 72 now follows.
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Table 3 (i)« Effect of temperature and time on CSSC reducing 
system«

Homogenate (20%) was kept for various periods at various 
temperatures as shown below. Homogenate heated at 50 ”98 0 
were rapidly cooled in cold water after the indicated time. 
CSSC reduction was assayed as in Table 2 (i). Results are 
given as percent of control; that is the activity before 
storing at 0°C.

Percentage of control

Temperature (°C) 5 mins 10 mins 30 mins 24 hr. 48 hr. 72 hr

-20

0

22

70

98

18

06

98

13

04

98

90

70

08

04

75

76

15

53

36

12

16

15
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Table 3 (ii). Stability in acid and alkali»

The following acids and bases at a final concentration of 
'x 10”^ M: ammonium hydroxide 20%) were added to homogenate 
(30%) prepared in phosphate buffer (0.06 M) pH 7*4 to give a 
final concentration of 25%» The mixture was kept at 0 C and 
after the times shown below, neutralised (acid with ammonium 
hydroxide and base with citric acid) and made up to 20% 
homogenate with phosphate buffer. From this homogenate (0.5 nil) 
was taken for the assay of CSSC reducing activity as in Table 
2 (i).

—7Thiol formed (x 10 mol/ml

Time in minutes

5 60 180

Original homogenate 1.20 1.08 0.99

+; Citric acid 0.68 0.50 0.10

+ MPA 0.48 0.32 0.14

+. Sodium hydroxide 0.54 0.40 0.20

+> Ammonium hydroxide 0.64 0.42 0.21
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The results obtained showed that the enzyme system is 

sensitive to acetone treatment, since only about 40% of the 

original activity remained. Increasing the concentration did 

not produce any increase in activity. Substitution of NADPH^ 

for NADH^ gave no significant enzyme reduction. (Table 3 (iii).

Effect of added substances on the CSSC reducing system. The 

effect of various additions on enzymic activity in homogenate 

is shown in Table 3 (iv). Substances added were various 

cofactors, basic proteins, heavy metal Ions, simple salts, 

RNase. None of the substances and the supernatent from boiled 

homogenate stimulated the CSSC reducing activity. Kcl and 

Naci exerted some inhibitory effect.

Intracellular fractionation of rat liver. Fractionation

of rat liver homogenates (see page 30) has been carried out 

to determine the intracellular distribution of cystine reductase 

activity. The results are given in Table 3 (v). Thus, it is 

shown that:

1) The activities of isolated cell debri (nuclear fraction), 

mitochondrial and cell supernatent were low.

2) That most of the activity (42%) was present in microsomes.

3) Other fractions did not inhibit microsome activity.

4) Mixing together the cell fractions in the correct proportion 

reconstituted 80% of the activity of the original homogenate. 

Considering the decline of activity with time (see Table 3 (i)) 

this /



Table 3 (iii). Activity of acetone powder.

Acetone powder (10 mg), 15 minutes old (see method section;
5 mg = 0.5 ml of 20% homogenate) was shaken up with phosphate 
buffer (1 ml; 0.06 M) pH 7.4. The cloudy solution was 
centrifuged at 9,000 g for 20 minutes and a) 0.5, b) 1.0 ml
of the centrifuged supernatent was used to assay CSSC reducing 
activity 1) as described in Table 2 (i), 2) after substituting 
NADPH^ for NADH2. Assay on the same age homogenate was done 
as the control.

System

(x 10-^ mol/ml) 
Initial

Thiol present Thiol formed

Homogenate 1.08 1.02

Acetone powder 
supernatent with

a) 1) NADH2 0.56 0.37

2) NADPH2 0.J2 0.06

b) 1) NADH2 0.70 0.40

2) NADPH2 0.68 0.07
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Table g (iv). Effect of added substances on CSSC reducing 
system.

Cystine reduction was assayed as in Table 2 (i), after 
replacing phosphate buffer (0.1 ml) by the shown substances 
(0.1 ml) at their final concentrations shown below. To obtain 
boiled homogenate supernatent, homogenate 10 ml (20%) was 
heated in a boiling water bath for JO minutes. After cooling, 
the supernatent got by centrifugation at 9,000 g was added 
to replace the same volume of phosphate buffer in the assay 
system. Results are expressed as percentage of the controls.

----------------—I--- .---
Added compound Final concentration Percentage

Control 
Cofactors

FAD 
ATP 
ADP 
Biotin

Cyanocobalamin 
Adenyl cobamide 
Hydroxocobalamin
Basic Proteins 
Serum albumin 
SNA from yeast 
Protamine sulphate 
Histone hydrochloride 
Polylysine
Heavy metal salts 
Lead nitrate
Copper sulphate
Simple salts 
Potassium chloride 
Potassium chloride 
Sodium chloride 
Sodium chloride 
Barium sulphite 
Barium sulphite 
RNase
Boiled homogenate 

supernatent
--------------------- (—

1.0 u mol/ml
H
n
H

0.5 h gm/ml
' it

tt

0.1 mg/ml
n
h 
n 
ti

0.1 u mol/ml 
' »

0.1 mol/ml
0.5 mol/ml
0.1 u mol/ml
0.05' p mol/ml
0.1 ju mol/ml
0.5 P mol/ml
0.01 u gm/ml

0.5 ml
-J----------- ---------- ;--

100%

98
99
99
99

103
105
98

102
101
100
99

100
98

85
83
82
86
99
98

102

99
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Table 3 (v). Intracellular fractions of rat liver«

Fractions were prepared as stated under technique. 
Concentration of suspensions used contained the particles from 
2 gram liver dispersed in sucrose (10 ml; 0.25 M). Liver 
homogenate (20%) was replaced by the same volume of centrifuged 
homogenate or particle dispersion in the assay previously 
described (Table 2 (i)). Where two fractions were used the 
volume of phosphate buffer was replaced to give the same final 
volume.

Cell fraction

( x 10 mol/ml)

Initial thiol 
present

Thiol formed

Homogenate in buffer 2.04 1.10
Homogenate in sucrose 2.08 1.26
Homogenate less cell debri 1.75 1.0
Cell debri 0.46 0.20
Homogenate less (Cell debri

+ Mitochondria) 1.16 0.80
Particle free supernatent 0.98 0.12
Mitochondria 0.65 0.22
Microsomes 0.15 0.50
Microsomes +; Supernatent
Recombined cell debri +

1.17 0.69

Mitochondria + Microsomes +
Supernatent. 1.82 0.92
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is probably a quantitative recovery.

of enzyme in microsomes. Treating microsomes

RNase showed that the enzyme is located in ribosome

microsomes. (See Table 3 (vi).
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Table 3 (vi). Location, of enzyme in. Microsomes*

Ribonuclease treated microsomes were prepared as follows, 
microsomes (20%), were incubated with ribonuclease

(1 mg/ml in 12.5 ml medium) for 20 minutes at 22 C. Microsomes 
were spun at 105,000 g for 20 minutes. The residue was 
resuspended in phosphate buffer (0.06 M) pH 7.4 to give a 20%. 
The supernatent (0.06 ml) or the resuspended residue (0.5 ml) 
were assayed for CSSC reducing activity as in Table 2 (i). 
Treatment without ribonuclease was used as control.

Microsome treatment Thiol formed (x 10 ' mol/ml)

Untreated 0.43

Treated 0.44

RNase treated supernatent 0.04

RNase treated resuspension 0.30

RNase treated supernatent +

RNase treated residue 0.36

Control supernatent 0.03

Control residue 0.28

System with RNase alone. 0.04
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Section IV.

Involvement of a non-protein soluble component.

Effect of adding dialysate, washing, freeze-dried, non-protein 

fraction and cell supernatent on the liver fractions.

Dialysis of either homogenate or the isolated microsomes in 

an isotonic medium (see technique, page JO for details) for 

24 hours at 5°C resulted in complete loss of cystine reductase 

activity on subsequent assay (Table 4 (i)). The possibility 

that some diffusable factor essential for activity is lost was 

confirmed when a concentrated preparation of dialysate (see 

technique) was added to the inactivated dialysed homogenate 

or dialysed microsomes and restored about 40% of the original 

activity. The dialysate has no effect when added to buffer or 

to the original homogenate, 
which

Other observations/show that a soluble and probably a 

non-protein component is required for cystine reductase activity 

are as follows.

1) Washing microsomes abolishes this activity and this is 

partly restored by adding the concentrated washing or the 

dialysate from the homogenate or the separated cell supernatent. 

2) By passing through a Sephadex column, the homogenate has 

been separated into a freeze-dried Sephadex treated protein 

fraction and a Sephadex treated non-protein fraction (see page 

JJ). Both of these fractions are inactive but acquire cystine 

reductase /
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Table 4 (i). Effect of adding dialysate, washing, freeze-dried, 
non-protein fraction and cell supernatent on the 
liver fractions»

For a description of the method used for dialysis of 
homogenate; microsomes, for washing microsomes and for 
chromatography on Sephadex G 25, see technique section pages 
JO and 33« Conditions of assay were as in Table 1 (ii). The 
equivalent amount of rat liver fractions replaced the homogenate 
(20%). Dialysate, microsome washing, freeze-dried non-protein 
in buffer, cell supernatent were obtained as described under 
technique section (pages 30 and 33)• 0,5 ml of each was added 
as indicated. The volume of phosphate buffer was replaced to 
give the same final volume.

Added liver 
preparations

Thiol formed (x IO-? mol/ml).

Soluble fraction preparation.

No 
addition

Dialysate Micro- 
some 
washing

Freeze- 
dried 
non
protein 
fraction

Cell 
superna
tent

Homogenate 1.10 1.08 1.06 1.02 1.08
Buffer Nil 0.04 0.03 0.04 0.10
Dialysed
homogenate 0.05 0.42 O.36 0.42 0.56
Sephadex 
treated protein 
fraction 0.06 0.43 0.35 0.46 0.50
Unwashed micro-
somes 0.38 o.Ao 0.36 0.41 0.48
Washed micro-
somes 0.10 0.26 0.20 0.27 0.34
Dialysed
microsomes 0.03 0.24 0.20 0.28 0.35
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reductase activity when mixed.

5) All the soluble fractions mentioned, dialysate, microsome 

washing, freeze-dried non-protein fraction are interchangeable. 

Thus, any one of them will activate any one of the inactive 

liver preparations namely dialysed homogenate, Sephadex treated 

protein fraction, washed and dialysed microsomes (Table 4 (i)). 

However, in all cases the maximum activation achieved with cell 

supernatent is greater than that found with dialysate and 

Sephadex treated freeze-dried non-protein fraction, and these 

in turn are greater than is found with the washings obtained 

from microsomes.

These findings taken together suggest that though the 

enzyme is largely located in the microsomes, it requires low 

molecular weight cofactor(s) present in the supernatent.

The effect of altering concentration of additions on the cystine 
reducing activity of -

(i) dialysed homogenate

(ii) dialysed microsomes

Since the original activities were not restored by more than 

4-0% by the soluble fractions in the quantities described, the 

effect of increasing the concentrations on cystine reductase 

activity was investigated.

The results showed that when varying amounts of cell 

supernatent, dialysate and microsome washings were added to 

constant amounts of dialysed homogenate (Fig 4 (i)) or dialysed 

microsomes (Fig. 4- (ii)), cystine reductase activity increased 

with increase in concentration of the additions to a maximum 

which was unaffected by further additions.

The maximum activity occurred at about the concentration 
at /
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Fig, 4 (i)» Comparison of the effect of altering the 
concentration of additions on the CSSC reducing 
activity of dialysed homogenate.

For the description of the methods used for dialysis of 
homogenate and for the preparations of cell supernatent, 
dialysate and washing see technique section. Homogenate was 
replaced by an equal volume of dialysed homogenate. The volume 
of phosphate buffer was reduced corresponding to the volume of 
addition to give the same final volume in 2.5 ml incubation 
medium. Other details were the same as given in Table 2 (i).

△ cell supernatent

X dialysate

0 washing.



Fig. (ii). Comparison of the effect of altering the 
concentration of additions on the CSSC reducing 
activity of dialysed microsomes.

Experimental details as for Fig. 4 (i), except that the 
dialysed microsome suspension is substituted for dialysed 
homogenate.

A cell supernatent

X dialysate

0 washing
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at which the soluble fraction, were added in Table 4 (i), that 

is at the estimated concentration in the original homogenate.

Effect of temperature and pH on liver fractions.

The stability of the non-protein component to temperature and 

pH was then studied. The results show that most of the reacti

vation achieved when dialysate, supernatent or supernatent 

treated non-protein fractions were added to dialysed homogenate, 
is abolished by pre-heating briefly at 98°C (Table 4 (ii) or 

subjecting these soluble fractions to pH extremes (Table 4 (iii).

Effect of ATP and HNase on dialysed and undialysed homogenate 
and microsome (cystine reducing system).

The evidence for the involvement of a non-protein component 

led to a search for known substances which when added to dialysed 

homogenate or microsomes could by themselves restore cystine 

reductase activity. None of the substances listed in Table 3 

(iv) when added singly to the incubation medium had any signifi

cant effect, with two exceptions, namely ATP and ribonuclease.

Either of these substances stimulated cystine reductase 

activity (Table 4 (iv)). However, ATP gave only a small increase 

(about j of the maximum increase obtained with dialysate), 

whereas the increase with ribonuclease was greater than that 

found with any of the soluble fractions described previously.

This value was further increased when ATP and ribonuclease

were mixed and the activity with ribonuclease was still further 

increased by pre-incubation of dialysed homogenate or microsomes 

with /
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Table 4 (ii). Effect of temperature on liver fractions.

Stability. The fractions shown (for method of obtaining see 
technique section, pages JO and JJ) were kept at 98°C for 10 
minutes and cooled. Treated fractions shown below were added 
in place of an equal volume of phosphate buffer in the assay 
system (Table 2 (i)) in which homogenate was replaced by the 
same volume of dialysed homogenate (see page JO for details). 
In the case of cell supernatent, the precipitated protein was 
filtered after heating at 98°C.

The same treatment as for fractions was done with dialysed 
homogenate and the untreated fractions were added to the treated 
dialysed homogenate in the assay system. The figures in 
brackets were obtained with treated dialysed homogenate.

Fraction Percent of original activity.

Supernatent 16 (12)

Dialysate 15 (14)

Freeze dried non-protein 
fraction 18 (17)

Original activity is the activity obtained when untreated 
dialysed homogenate and dialysate were assayed together and 
is considered to be 100%.
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Table 4 (iii). Effect of acid and alkali on liver fractions«

Citric acid, ammonium hydroxide (1 ml, final concentration 
x 10“5 m) were added to 10 ml fraction and the mixture kept 
at 0°C for half an hour and neutralised either with citric 
acid or ammonium hydroxide (x 10~3 or 20%). 0.6 ml of the 
neutralised fraction was added in place of an equal volume of 
phosphate buffer in the assay system described in Table 2 (i), 
in which homogenate was replaced by the same volume of dialysed 
homogenate.

(b) Exactly the same treatment was done with dialysed 
homogenate as for fractions. The fractions added to the 
treated dialysed homogenate were untreated. Figures in brackets 
were obtained for (b).

Source of fraction

Percentage of original activity

after treatment with

Acid Alkali

Dialysate 20 (21) 18 (19)

Washing 20 (21) 16 (18)

Non-protein freeze- 
dried fraction 16 (18) 17 (19)

Cell supernatent 21 (20) 18 (17)

For original activity see previous table.
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Table 4 (iv). Effect of GSH, ATP and RNase on dialysed and 
undialysed homogenate and microsomes (cystine 
reducing system).

Cystine reduction was assayed as in Table 2 (i), after replacing 
(0.2 ml or 0.4 ml) of phosphate buffer by (0.2 ml or 0.4 ml) 
of indicated substances at a final concentration shown below. 
Wherever dialysate was added, a corresponding equal volume of 
phosphate buffer was replaced. Homogenate was replaced by an 
equal volume of dialysed microsome or homogenate wherever 
indicated. Pre-incubation for 10 minutes at J7°C was done with 
the complete system without the addition of NADH^ and the thiol 
formed during incubation was subtracted from therhiol present 
after the assay.

Thiol formed (x 10 ? mol/ml).

Direct After pre-incubation

Dialysed fractions

Substance Final homogenate Micro- Homogenate Micro-
added Cone » somes somes

Nil - 0.05 0.04 0.05 0.04

GSH 1 p mol/ml 0.06 0.06 - -

ATP 1.0 p mol/ml 0.26 0.10 0.28 0.16

RNase 1.0 mg/ml 0.58 0.18 0.69 0.24

ATP + 1.0 p mol/ml +
RNase 1.0 mg/ml 0.65 0.24 0.75 0.27

ATP + 1.5 p mol/ml +
RNase 1.5 mg/ml 0.68 0.24 0.78 0.28

Undialysed fractions
Nil - 1.18 0.40 0.78 0.29

ATP + 1.0 p mol/ml
RNase 1.0 mg/ml 1.10 0.38 0.80 0.28



89

with ATP and RNase before assay. This raised cystine reductase 

activity almost to the level of undialysed homogenate or 

microsomes which had been pre-incubated under the same conditions.

Increasing the concentrations of ATP and RNase did not show any 

further increase in CSSC reduction.

These findings suggested that CSSC might be activated by 

ATP to an amino acyl form which either could be reduced or 

transferred to an S-RNA fraction. However removal from 

homogenate of 11 pH 5 fraction” (see Table 5 (v)) did not 

significantly reduce the CSSC reducing activity of the remaining 

protein solution.
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Section V.

Involvement of glutathione.

Attempt to bind CySH by poly vinyl (N - Phenylenemaleimid e). 

The high content of GSH in rat liver homogenates and the ease 

with which it can undergo non-enzymic thiol-disulphide exchange 

with CSSC suggested that it might play a part in the reduction 

of CSSC.

GSH added alone to the dialysed homogenate does not 

restore any activity (Table 4 (iv)). However, this does not 

exclude its participation together with other factors.

To investigate the behaviour of GSH, attempts were made as 

follows to remove reduced glutathione.

1) By the use of a resin. The resin Poly vinyl (N - Phenylene- 

.mleimide) has been obtained by Richards (1966) by reacting 

polyaminostyrine and maleic anhydride. It is said to act 

rapidly with a variety of thiol compounds. However, when 

prepared and used as directed (Richards) no uptake of CySH 

from a standard solution was observed. (Fig 5 (i))« This 

failure to reproduce the results of the author’s cannot be 

explained.

2) Effect of adding NEW or pCMB. Addition of NEM or pCMB at 

concentrations just sufficient to react with thiol present in 

the homogenate, and subsequent assay resulted in a total loss 

of CSSC reducing capacity. At low concentrations of ÏÏEM or 

pCMB /
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Fig. 5 (i). Attempt to bind CySH by Poly vinyl (N - Phenylene 
maleimide

N - Phenylene maleimide was prepared as described by Richards 
(1966). The prepared resin (10 mg) was added to CySH (5 ml;
2 p mol/ml) in phosphate buffer (0.06 M) pH 7.4 and stirred' 
magnetically under nitrogen, cooled in ice. Samples 0.5 ml 
after various times shown were withdrawn and centrifuged at 
9»000 g. 0.1 ml of the centrifuged sample was assayed for 
CySH as described in Fig. 1 (ii).

CySH bound was obtained by the difference between thiol 
present in the untreated CySH and after the above treatment.
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pCMB a similar effect was observed.

In the case of NEM, this however is not due to the removal 

of GSH, since a much smaller amount of NEM abolishes activity 

without appreciably reducing the initial thiol content. 

Moreover, addition of GSH to the inactivated system, did not 

stimulate the reduction of GSSC.

Effect of heating NEM.

NEM was hydrolysed by heating (Fig 5 (ii)) and the 

solution then added to the assay system; it had no effect 

on the activity of homogenate (Table 5 (i)). Therefore the 

effect of NEM is not due to its hydrolysed products.

Effect of dialysing NEM and pCMB treated homogenate.

The question whether pCMB or NEM inactivation is due to 

reaction with NEM or the dialysable or the non-dialysable 

component in homogenate was studied. NEM and pCMB were added 

to homogenate and the mixture dialysed. Addition of a 

concentrated solution of dialysate from treated homogenate or 

ATP and RNase (see Table 5 (ii)) gave the same stimulating 

effect on GSSC reduction as when added to the dialysed 

homogenate, obtained from untreated homogenate.

Addition of the dialysate obtained from NEM and pCMB 

treated homogenate to this dialysed homogenate gave no recovery 

of activity. But this fraction was also inhibitory to untreatec 

and undialysed homogenate (Table 5 (ii)), though this inhibitory 

effect was lost by heating the dialysate to destroy the excess 

NEM (see Table 5 (ii)); such treatment has already been shown 

to /



Fig» 5 (ii). Effect of heating NEM.

NEM, (1 mol/ml) was made up in phosphate buffer (0.06 M), 
pH 8.2 and 15 ml of this solution was heated in a boiling water 
bath and samples (0.5 ml) pipetted out at various times as 
shown below and cooled in water. To 0.20 ml of this solution, 
CySH (0.1 ml, 1 mol/ml) was added and thiol assayed as 
described in the specific assay method for thiol (Fig 2 (i).
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Table 3 (i). Effect of adding NEM and pCMB.

CSSG reduction was assayed with homogenate as described in 
Table 2 (i), after replacing 0.2 ml of phosphate buffer by 
0.20 ml of indicated substances at the final concentrations 
shown below. Hydrolysed NEM was estimated as described in 
Fig. 5 (ii) and standardisation of pCMB was done as given in 
the method section.

* GSH was added to pCMB inhibited homogenate and assayed.

—7x 10 ' mol/ml

Substance 
added

Final cone, 
in p mol/ml

Thiol present after 
reacting with NEM or 
pCMB

Thiol formed

Nil — 1.20 1.10

NEM 0.20 0.06 0.06

NEM 0.02 0.96 0.10

NEM
(hydrolysed) 0.20 1.26 1.0

pCMB 0.20 0.08 0.10

GSH* 0.10 1.0 0.10



95

Table 5 (ii). Effect of dialysing NEM, pCMB treated, homogenates.

To homogenate (10 ml, 20%) (thiol content 0.60 p mol/ml) NEM 
or pCMB (1 ml, 4 p mol/ml) was added. The mixture (thiol level 
after the treatment was 0.20 p mol/ml) was dialysed against 
phosphate buffer pH 8.0 for 24 hours. The dialysed homogenates 
thus obtained were termed NEM or pCMB treated dialysed 
homogenates. NEM or pCMB treated dialysed homogenate fractions 
were prepared as follows.

To obtain NEM treated dialysate, NEM (1 ml, 5 pi mol/ml) 1 
was added to the dialysate (10 ml) (thiol content, 0.5 p mol/ml) 
and NEM treated (hydrolysed) dialysate was obtained by 
hydrolysing the excess NEM as given in Fig. 5 (ii).

NEM treated dialysed homogenates (0.6 ml) or dialysed 
homogenate (0.5 ml) replaced homogenate and NEM treated 
dialysate (0.6 ml) or untreated dialysate (0.5 ml) replaced an 
equal volume of phosphate buffer in the CSSC reducing system 
and assay carried out as in Table 2 (i). The effect of ATP 
and RNase (1 pi mol/ml, 1.0 m-jg/ml respectively) on the system 
was also carried out. Figures represent (x 10“? mol/ml) of 
thiol formed.

Protein fraction___>

Dialysed homogenate

Undialysed 
homogenate

untreated pCMB 
treated

NEM 
treated

Non-protein fraction
Nil 0.04 0.03 0.03 1.18
Dialysate 0.38 0.37 0.39 1.20
pCMB treated 
dialysate 0.06 0.05 0.06 0.18
NEM treated 
dialysate 0.08 0.07 0.06 0.20
NEM treated 
dialysate (hydrol- 
sed) 0.08 0.06 0.06 1.10
ATP + RNase 0.62 0.60 0.59 1.08
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to destroy the dialysable cofactor (Table 4 (ii)). Hence 

the finding that this heated dialysate does not restore cystine 

reductase activity to dialysed homogenate has no bearing on 

the action of NEW.

However, the results taken together suggest that NEM or 

pCMB at these concentrations exert their inhibitory effect in 

homogenates by combining with the dialysable factor. This is 

an evidence to show that this factor may possess an essential 

sulphydryl group.

GSH and mixed disulphide formation. The above findings do 

not exclude a role for GSH in the reduction of CSSC because of 

the fact that this thiol is present in rat liver homogenates 

and is known to react rapidly with CSSC.

GSH + CSSC ¿=^GSSC + CySH. (Pihl et al, 1957).

One of the products is the mixed disulphide, GSSC and it 

was necessary to consider whether or not this could be the true 

substrate for cystine reductase activity.

Thus, it was desirable to be able to separate GSSC from 

CSSC and GSSG. This is possible by electrophoresis (Waley, 

1959). Model experiments were carried out with pure solutions 

using this technique (see page j4). GSSC was obtained by 

mixing GSH with CSSC and solutions spotted onto Whatmann No. 

3 MM paper and subsequently the electrophoretograms were 

visualised /
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visualised with ninhydrin.

The results (see Fig. 5 (iii)) show that under the 

conditions used -

1) All the components run towards the anode.
2) GSH and GSSC run together and so do CySH and CSSC.
3) GSSC is intermediate and separates well from the other 
disulphides.

The possibility that the failure to separate GSH from GSSG 

and CySH from CSSC was due to oxidation at the pH used (pH ¿.5), 

was studied by reacting with NEM which combines with thiol groups 

and prevents oxidation. However, the results showed that NEM 

derivatives migrate at the same rate as the corresponding 

disulphides. (Fig. 5 (iv)). 

Effect of replacing cystine by -

1. Pre-incubated mixtures of reduced glutathione and 
cystine.

2. Synthetic mixed disulphide (GSSC).

1. When a mixture of GSH and CSSC was compared with CSSC 

(under the same conditions) alone in the cystine reductase assay 

using unwashed microsome as enzyme source, little difference wa.s 

observed. When the enzyme system (microsomes) was pre-incubated 

either with CSSC or CSSC and GSH and then assayed for cystine 

reductase activity (without microsomes), a low value was obser

ved. (Table 5» (iii))»

However, because of the reversibility of the thiol

disulphide exchange reactions, this is inconclusive and it was 

necessary to prepare GSSC free from the other thiols and 

disulphides. A method for doing this has been described (Waley, 

1959)» This consists of reacting S-sulphoglutathione with CySH 

(see page 27 for details).

GSSO^H + CySH .7— • > GSSC + H^O^.

2. When /
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9 (iii).Pig Payer Electrophoresis.

-6Samples shown (0.1 ml, x 10 mol/ml) were applied on Whatmann 
No. 3 MM paper after wetting it with pyridine buffer pH 6.5 
(for experimental details see page 34), and subjected to 
electrophoresis for 2-g- hours. Voltage being 1,800 at 48 M A.

Synthetic GSSG and 
GSSO3H+ CySH Synthetic 

GSSG CySH Mixture GSSO3H GSSG CSSC cySH 
LINE OF ORIGIN ----------- *-----------------*----------------- *---------------- *---------------- * * *
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Fig. 5 (iv). Paper electrophoresis*

NEM treated CSSC, CySH, GSSG and GSH and a mixture of CySH 
and GSSG (0.1 ml, x 10"& mol/ml) after applying on Whatmann No 
J MM paper (see page 3^ for details) was subjected to 
electrophoresis. Results obtained are shown below.

----- NEM + NEM + NEM + NEM + CSSC + 
GSSG GSH CySH CSSC GSH

UNE OF ORIGIN------- X----------X----------*--------- *-------- * 
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Table 5 (iii). Effect of replacing CSSC by pre-incubated 
mixtures of OSH and CSSC in the cystine 
reducing system.

Equal volumes (4 ml each) of GSH and CSSC (1.80 mol/ml final 
concentration) were incubated alone or with microsomes (0.50 
ml) for 10 minutes at 37°C. 0.20 ml (0.15 P mol/ml final 
concentration) of the mixture replaced CSSC. An equivalent 
amount of microsomes replaced homogenate. Microsome was not 
added to the assay system when pre-incubation was done with it. 
Other details were the same as in Table 2 (i).

Pre-incubation mixture Thiol formed (x 10 mol/ml)

CSSC 0.40

CSSC + GSH 0.J2

Microsome + CSSC 0.20

Microsome + CSSC + GSH 0.19
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Table 5 (iv). Effect of replacing CSSC by synthetic GSSC in 
the CSSC reducing system.

In the assay system described in Table 2 (i), synthetic GSSC 
(0.2 ml; 0.15 p mol/ml final concentration) (see page 2?) was 
added in place of CSSC.homogenate was replaced by the fractions 
shown. Where cell supernatent (0.5 ml) is added, an equal 
volume of phosphate buffer (0.06 M) pH 7.4 is replaced.

Fraction replacing homogenate Comparison of percent 
activity found using CSSC

Homogenate

Microsomes

Microsomes + cell supernatent

87

79

76

NADPH2 on the assay system using GSSC as the substrate did not 
have any effect.
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2. When this GSSC preparation was substituted for CSSC in 

the CSSC reduction assay, it was found that with both 

homogenate and microsomes, there was a slight fall in the 

amount of thiol formed, although GSSG is not significantly 

reduced with NADH2. Under these conditions, the reduction of 

GSSC by homogenate could be explained by the reaction

GSSC + GSH---- ¿GSSG + CySH 

2 CySH + GSSG ---- ^ CSSC + 2 GSH.

However, it is difficult to envisage rapid conversion of 

GSSC to CSSC by this route in microsomes and these observations 

suggest that in this case at least GSSC is reduced directly.

However, it is unlikely that it is the true substrate for 

CSSC reductase reaction with CSSC. This would require the rate 

with added GSSC to be higher than the rate with added CSSC 

since the initial concentration of GSSC formed by reaction with 

endogenous GSH would be much lower. Km values for the reaction 

of GSSC and NADH2 in the presence of microsomes have been
-I* .

computed as 0.79 x 10 and 0.50 x 10 Moles/litre.

Attempts to concentrate enzyme activity. Attempts were made 

to concentrate cystine reductase by precipitating active 

fractions with ethanol or acetone (see page 31 for details). 

There was a considerable loss of total enzyme activity, but 

some concentration (1 to 4 times with homogenate and 2 to 10 

times /
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times with microsomes) was achieved

The increase of activity after the removal of the npH 5

fraction** is significant, since this fraction contains S -PNA

the amino acid activating enzymes. These are therefore

t required for enzyme activity (Table 5 (v))

Attempts to solubilise microsomal cystine reducing system.

Attempts were also made to solubilise the microsomal CSSC

reducing enzyme by treating microsomes with the detergent

(sodium deoxycholate) or by ultrasonic disintegration, (see

Table (vi)).

In both cases, there was slight activity in the supernatent 

after subsequently removing the particulate fraction, but the 

specific activities of the treated microsome fraction was much 

reduced.
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Table 5 (v). Specific activity of some fractions prepared 
from homogenate or Microsomes.

Fractions obtained by ethanol precipitation (0.5 ml supernatant) 
acetone precipitation (0.5 ml supernatent) and supernatant after 
”pH 5” treatment (0.6 ml) (for details see page JI) were assayed 
for CSSC reduction by adding them in place of homogenate in the 
assay system described in Table 2 (i). Protein was assayed 
as described in technique, page 32.

Specific Activity ______________ Activity _______
Protein concentration x Volume for assay.

Treatment of ï 
homogenate or c 
microsomes n

’rotein 
one. 
ig/ml

Volume 
for 

assay

Thiol 
formed 
x 10~^mol/ml

Specific 
activity 
(arbitry 
unit)

Degree of 
cone. 
relative 
to homo
genate.

Untreated
Initial 
homogenate i>0 0.5 12 1.2 1
Microsomes +.0 0.5 4.2 2.1 2
”pH 5” treatment
Homogenate 
(supernatent) 2.5 0.6 5.0 5-5 2
Homogenate 
residue (re
suspended in 
Phosphate 
buffer (O.OÓM) 17.4 0.5 0.7
Microsome
(supernatent) 0.4 0.6 0.5 2.5 2
Microsome 
(residue)re- 
suspended in 
phosphate 
buffer (0.06m) 5.2 0.5 0.7 . -S

Ethanol
treatment
Homogenate 2.0 0.7 4.8 5.4 2

Microsomes 0.4 0.7 2.0 7.1 6

Acetone 
treatment
Homogenate 1.5 0.6 5.9 4.3 4
Microsomes 0.2 0.6 1.5 12.5 10
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Table 5 (vi)« Attempts to solubilise Microsomal cystine 
reducing system.

Microsomes (10 ml in 0.25 ml sucrose) were treated with sodium 
deoxycholate (1 ml, 1 ju mol/ml) stood for 5 minutes and 
centrifuged at 105,000 g for 30 minutes at 0 0. Deoxycholate 
treated supernatent (0.6 ml) or residue (0.5 ml) suspended in 
10 ml were assayed for OSSO reduction by adding them in place 
of homogenate in the assay system as described in Table 2 (i).

Sonic disintegration. Microsomes (10 ml) cooled in ice was 
subjected to sonic treatment for 2 minutes at 9 K C. OSSO 
reducing activity was assayed as in Table 2 (i), with 0.6 ml 
of supernatent or residue in place of homogenate.

Protein fraction Protein 
concentration 
mg/ml

Specific 
activity

Purification

Untreated Microsomes 4.0 2.1 1
DOGA treated microsomes 3.8 3.9 2
supernatent 0.2 0.2
Residue 3.9 0.3 —
Supernatent + Residue 3-9 0.4 —

Sonic disintegration
Sonicated microsomes 3.7 0.2 -
Supernatent 0.1 0.4 —
Residue 3.6 0.2
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DISC U S S I O N

Assay of CySH. In the enzymic reduction of CSSC by rat liver 

homogenates, CySH is formed. A specific assay method for CySH 

was described by Roston (1963), but this was impracticable 

owing to the interference by substances (AHPF, EDTA and MPA), 

which it was essential to add when measuring enzyme activity. 

However, a method non-specific for CySH, but specific for 

thiols has been described by Ellman (1958) and this was found 

to be unaffected by these other substances. This method has 

therefore been used throughout this work to assay the CySH 

formed.

Oxidation of thiols by homogenate. Added thiols are rapidly 

oxidised enzymically during aerobic incubation with rat liver 

homogenates (Jocelyn, 1962). It has however been shown that 

specific xanthine oxidase inhibitor AHPF prevents this oxidation 

of thiol (Jocelyn, 1964), and allows good recoveries of added 

CySH, especially when the metal chelating agent EDTA is also 
added. But the temperature must be kept down below 40°C. 

Above this temperature, substantial oxidation occurs even in 

the presence of these two compounds (see page 4-5) under 

anaerobic conditions no loss of added CySH occurred, but it was 

less convenient to work under nitrogen.

Enzymic reduction of CSSC. When CSSC was added to homogenate 

in the presence of NADH^, thiol was generated during incubation, 

Before /
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Before attributing this to cystine reductase, other possible 

mechanisms must be eliminated.

It is known that CSSC is cleaved by cystathionase 

(Cavallini et al, i960) and that this enzyme is present in 

rat liver (Cavallini et al 1961). One of the products of the 

cleavage by cystathionase is CySH (Fromageot et al, 19^+0).

It is probable to postulate the following formula to 

CSSC cleavage.

1) Cystine--- »Cysteine + Pyruvate + Ammonia + Hydrogen sulphide

This reaction requires pyridoxal phosphate as cofactor 

(Cavallini, 1961) and this is bound to the enzyme very firmly.

Small amount of CSSC is reduced by homogenate even if 

NADH2 is omitted. It may be argued that the role of NADH2 

was to reduce pyruvate formed by cystathionase cleavage to 

lactate, thereby increasing the rate of CySH formation by the 

removal of one of the products.

2) Pyruvate + NADH^v- Lactate + NAD.

However, this is not applicable because pyruvate is in 

any case rapidly removed in homogenates by oxidation.

3) CH,. CO. COOH + CoASH + NAD---- 7 CH,. Co. SCoA + C0? +
3 >

NADH2.

More thiol is formed with NADH2 than can be accounted for 

if reaction 1) went to completion.

Taking /
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Taking these reasons into consideration, it is very 

unlikely that cystathionase plays much part in the reduction 

of CSSC under the conditions used.

GSSC may be reduced by glutathione reductase. Glutathione 

reductase activity in rat liver is very high and it might be 

thought that CSSC is reduced secondary to the reduction of 

GSSG.

However, it is known that in rat liver glutathione 

reductase is specific for NADPH2 (Mize, et al, 1962). 

When NADH^ was replaced by NADPH^, a rapid reduction of GSSG 

was observed, but very little thiol was formed in the presence 

of CSSC. Conversely, little GSSG was reduced with NADH2 under 

the conditions used, allowing considerable reduction of CSSC. 

Thus, in rat liver each of these disulphides has a different 

coenzyme requirement. This is in contrast to the cystine 

reductase activity in clothes moth (Powning and Irzykiewics, 

1959) or glutathione reductase of yeast (Hacker, 1955a-) both 
* 

of which use either nucleotide.

Further evidence against the participation of glutathione 

reductase is as follows.

1) Glutathione reductase is chiefly located in the supernatent 

cell fraction, whereas cystine reductase is predominantly found 

in microsomes.

2) Glutathione reductase is active after dialysis of the 

homogenate, /
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homogenate, whereas the reduction of CSSC ceases.

For these reasons, it is concluded that glutathione 

reductase and cystine reductase in rat liver homogenate are 

two different and distinct enzymes.

Assay of cystine reductase activity. Since the ingenious 

cyclic assay method applicable to glutathione reductase (see 

page 6j) could not be used to assay cystine reductase directly, 

it became essential to use the amount of CySH formed in a given 

time as a measure of the enzyme activity.

Unfortunately this way of assaying has some limitations. 

Thus, 1) at higher homogenate concentrations, the CySH formed 

fell off possibly by reaction with protein disulphide groups 

to form protein thiols. Thus

Pr S S Pr + 2CySH----->2 Pr SH + CSSC.

Alternatively, an endogenous inhibitor may be present 

which becomes increasingly effective as its concentration is 

increased.

2) Excess of CSSC reduces the rate of CSSC reduction. 

This inhibition by excess substrate was also found by 

Proskuryakov and Buachidze (1956) for the enzyme present in 

yeast and pea seeds. The explanation may be similar to that 

mentioned above, that is, that thiol-disulphide exchange occurs 

involving thiol groups on the enzyme essential for this activity 

Despite these limitations, conditions have been found 

where /
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where the amount of CSSC formed does give a measure of cystine 

reductase activity and allows certain properties of the enzyme 

to be studied with results which will now be described.

Properties of cystine reductase. The pH maximum is 7 

(pH 6.24 for the yeast and pea seeds in the same buffer). 

(Proskuryakov and Buachidze, 1956). Exposure to pH extremes 

rapidly inactivated the enzyme completely. However the 

activity is also dependent on the ionic strength of the medium 

and strengths above 0.1 — 0.2 M leads to a decline in activity. 
The enzyme is not very stable. Thus even at -20°G, it loses

| most of the activity in three days, while exposure to 98°G 

even for a few minutes is sufficient to inactivate the enzyme 

completely. Another indication of .lability is the fact that 

treatment with acetone leads to extensive inactivation.

The enzyme is found to be located directly in microsomes 

and indications have been found that it may be present in the 

smooth particles derived from the wall of endoplasmic reticulum 

rather than in ribosomes.

Purification. The difficulty encountered in attempting to 

concentrate cystine reductase by the usual techniques of 

precipitation and fractionation is not surprising when one 

considers its demonstrated lability. It is also a fact thau 

other microsomal enzymes (for instance hydroxylation enzymes) 

are inactivated when attempts are made to solubilise them. 

The /
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The enzyme is presumably a part of an organised and lipid rich

membrane structure. On disruption with detergents or ultrasonic

vibration, the enzyme is released into a quite different 

physiological environment which induces the denaturation of 

enzyme protein.

Involvement of cofactor. Perhaps the most interesting property 

of cystine reductase however is the fact that the activity 

requires a dialysable cofactor. This has not been reported for 

CSSC reduction from any other source. In agreement with the 

effects of dialysis on the homogenate, it is found that 

wash-ing microsomes abolishes activity and this is largely 

restored by adding back the washings.

The cofactor is itself labile to temperature and pH 

extremes and it is therefore uncertain whether the properties 

mentioned above relate to the enzyme itself or to the cofactor. 

Some clue as to the nature of the cofactor is provided by the 

effect of NEM. This substance inhibits cystine reductase, but 

after the dialysis of NEH treated homogenate and subsequent 

addition of an untreated cofactor preparation to the dialysed 

protein solution, activity is restored. Since HEM reacts 

irreversibly with thiol groups, there is evidence that the 

cofactor may be a thiol. Its lability suggests a fragile 

molecule, but the fact that it is dialysable and is delayed by 

sephadex G 25, imposes an upper limit on its molecular weight 

of 4,000 - 5,000. 

Function /
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Function of the cofactor« Of many additions of known 

substances to the dialysed proteins only two regenerated enzyme 

activity, namely ATP and RNase.

Two explanations are considered for their effect.

a) Activation and RNA involvement. CSSC may require activation 

to an amino acyl form and there may be competition for this 

form between the appropriate S-RNA fraction and the CSSC 

reducing enzyme.

ATP Cystine reductase CySH + AMP.
CSSC ------—» CSSC - AMP

CSSC - RNA.

ATP would increase the rate of formation of amino acyl 

derivate which could either be reduced by NADH^ in the presence 

of the enzyme to CySH, or transferred onto S-RNA to form 

CSSC - RNA. On this theory the effect of RNase would be to 

destroy S - RNA and so to prevent the competition of CySH 

formation.

However against this interpretation, RNase has no effect 

on CSSC reduction in the undialysed horaogenate. On the above 

theory it would be expected to increase the rate of CSSC 

reduction.

I
 However, it is possible to account for this fact by 

modifying the theory as follows. The dialysable cofactor is 

able to mask the S - RNA fraction accepting CSSC and so promote 

the alternative CSSC reduction. Thus RNase has no effect since 

the RNA is already non-functional. After dialysis, the cofactor 

is /
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is lost and this fraction is unmasked, thereby hindering CSSC 

from reduction. Destruction of this RNA by RNase now restores 

the original reducing activity. This modified theory cannot 

be ruled out, but it is rendered most unlikely by the following

It is known that the fraction which precipitates when rat 

liver homogenate is acidified to ”pH 5” contains the activating 

enzymes and S-RNA (Stulberg and Novelli, 1962). If CSSC 

requires activation before reduction, removal of this fraction 

should abolish reductase activity. In fact there is sign that 

this treatment increases the activity.

b) Involvement in thiol-disulphide exchange. It is well known 

that microsomes can reactivate RNase which has been converted 

into an inactive form by reduction and subsequent oxidation 

(Goldberg et al, 1963, 1964). This reactivation is due to an 

enzyme catalysed thiol—disulphide exchange reaction.

This knowledge shows that the disulphide bonds of RNase 

are c-hemir.ally active and suggests a possible mechanism for 

CSSC reduction in the presence of low concentrations of RNase 

| which is as follows.

Rib

^SHRib^f +
SH

nadh2

CSSC
e2

,SH->Rib^ + NAD

-> 2 CySH + RibX I
XS

Extending /
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Extending this hypothesis, it would be envisaged that 

the cofactor itself resembles RNase in structure and also 

fulfills this role. This is in agreement with the evidence 

that it may be a thiol and that it is rather unstable. However, 

its molecular weight (below 5,000) is considerably less than 

that of RNase (12,000). A system in Bacteria has been describee 

(Laurent et al, 1964) which involves the disulphide reduction 

via an intermediate labile disulphide present in catalytic 

amounts. (See thioredoxin reductase, page 18).

The possible involvement of GSH. Although OSH cannot be the 

dialysable cofactor, it is difficult to exclude it from playing 

a part in the reduction of CSSC» Kolthoff et al, (1955) and 

Eldjarn and Pihl (1956 b) studied the interaction of CSSC with 
a

GSS in detail and showed that/considerable amount of mixed 

disulphide is formed at equilibrium.

In the present work it is similarly shown (using 

electrophoretic separations) that the mixed disulphide (GSSC) 

is readily formed when GSH and CSSC are reacted together.

These observations show that GSSC is always present when 

CSSC is added to homogenate (where GSH is present in high 

I concentration) or to microsomes (where it may be present in 

low concentration).

GSH +. CSSC v GSSC + CySH.

Thus, there was doubt as to whether CSSC or GSSC is the

true / 
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true substrate for the enzyme reducing CSSC. This doubt was 

resolved by the preparation of synthetic GSSC (Waley, 1959) 

and the finding that this is reduced by microsomes, in the 

presence of NADH^, the rate is no greater than with CSSC itself.

If the reduction of the latter depend on its conversion to 

GSSC by catalytic GSH, a much faster rate of reduction would 

be expected from added GSSC.

It is therefore concluded that though cystine reductase 

can reduce GSSC, the latter is not a necessary intermediate. 

It is of interest to note that glutathione reductase cannot 

reduce mixed disulphides, example, GSSC (Phil et al 1957)» 

this evidence shows that cystine reductase has a broader 

specificity than glutathione reductase.

Role of cystine reductase. Cystine reductase by catalysing the 

transfer of hydrogen from NADH2 to CSSC provides a second 

mechanism that a cell has at its disposal for maintenance of 

sulphydryl groupings. Glutathione reductase is present in the 

cell supernatent and uses mainly NADPH2 as reductant, while 

cystine reductase is particulate and requires NADH^.

Thus they each link a different pathway of carbohydrate 

metabolism (the shunt and the Empden Meyerhof) to thiol 

maintenance.

Cystine reductase probably plays a major role in reducing 

CSSC to CySH and thus making this thiol available for its 

biosynthetic activities (see introduction, pages 1-3). It 

can therefore be claimed that a field has been opened up by 

these investigations which deserves further extension.
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SUMMARY

Rodent liver and various rat tissues possess cystine 

reductase (E.C., 1.6.4.1) activity. Using homogenates prepared 

from rat liver, this activity has been further investigated.

Thiols are rapidly oxidised by rat liver homogenates but 

conditions have been found to prevent this occurring, thereby 

enabling the activity of the enzyme to be determined by the rate 

of thiol formation.
The enzyme catalyses not only the reduction of cystine, but 

also of the mixed disulphide between cystine and glutathione; but 

it will not reduce cystamine.

The enzyme system requires reduced nicotinamide adenine 

dinucleotide for activity and there is no reduction if this is 

replaced by reduced nicotinamide adenine dinucleotide phosphate. 

Tn contrast, the reduction of oxidised glutathione requires 

reduced nicotinamide adenine dinucleotide phosphate which cannot 

be replaced by reduced nicotinamide adenine dinucleotide.

The enzyme is inhibited by excess of cystine, increasing 

ionic strengths and by the thiol binding agents p—Chloromercuriben— 

:zoate and N-ethylmaleimide.

Rat liver homogenate has been fractionated into two components, 

both of which are required for activity; one is dialysable 

and the other is not. The former occurs mainly in the cell 

supematent and evidence has been obtained to show that
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that it may be a thiol. The latter is lee ated in the microsomes 

Both fractions are thermolabile; they are also sensitive to pH 

extremes, high temperatures and prolonged storage. Ribonuclease 

(in catalytic amounts) and adenosine triphosphate can replace 

the dialysable fraction.

Attempts have been made 1) to concentrate the enzyme by 

precipitating some of the protein either by adjusting to pH 5 

or by the additions of acetone and ethanol;

2) to solubilise the enzyme from 

microsomes by sonic disintegration and treatment with sodium 

deoxycholate. These attempts had only limited success.
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