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CHAPTER I 

INTRODUCTION 

A nucleotide-peptide is a com.pound containing both a nucleotidyl 

moiety and a peptidyl moiety connected by a covalent bond. A variety 

of compounds of' this nature have been isolated from or detected in dif­

ferent tissues. Much evidence indicates that most of' the nucleotide­

peptides are activated intennediates in the biosynthesis of' large mole­

cules, such as protein and bacterial cell walls, or are activated inter­

mediates in group transfer reactions. Many reports have appeared in the 

literature noting the detection of nucleotide-peptide complexes but con­

tain incomplete information on the structure and function of the detected 

compounds. 

The first part of this thesis presents evidence which completes the 

identification ot a bovine liver nucleotide-peptide as the unsymmetrical 
1 

disulfide of coenzyme A and glutathione (CoASSG) • 

½he following abbreviations are used: DPN, DPNH, diphosphopyridine 
nucleotide and its reduced .form, respectively; TPN, TPNH, triphospho­
pyridine nucleotide and its reduced form, respectively; FAD, FAD~ 
f'lavin adenine dinucleotide and its reduced form, respectively; , 
f'lavin mononucleotide; GSH, GSSG, glutathione and its oxidized form, 
respectively; TPP thiarnine pyrophosphate; CoASH or CoA, coenzyme A; 
acyl CoA, acyl de;ivatives of coenzyme A; CoASSG, TSSG, PSSG, CSSG, 
HSSG, mixed disul.£ides of glutathione and coenzyme A, thiolethanolam.ine, 
pantotbeine, cysteine, and homocysteine, respectively; HSSH, homocyatine; 
CoASSCoA, coenz,me A disulfide; CSST, disulfide ot cysteine and thiol­
ethanolam.ine; RNA, ribonucleic acid; sRNA, soluble ribonucleic acid; 
RNa.se, ribonuclease; UDPG, uridine diphosphate glucose; UDPGNAc, uridine 
diphoephate N-acetylglucosamine; E, enz,me; EDTA, ethylenediamine-

1 



The second part of the thesis will describe the detection and 

partial purification of a bovine kidney enzyme which may be important 

in t.he metabolism of CoASSGo The enzyme catalyzes the following 

sulfhydryl-diaul:tide interchange reaction: 

2 

CoASH + GSSG (1) 

Several of the chemical and physical properties of the enZj'me also will 

be presentedo 

tracetic acid; Tris, tris(hydroJcymethyl}aminomethane; NEM, N-ethylmale­
:1.m.ide; TCA, trichloroacetic acid; DNP, dinitrophenyl-; PPO, 2,5-diphenyl~ 
oxazole; POPOP, 1,4-bis-2-(5-phenyloxazol.vl)-benzene; D.EAE-cellu.1ose, 
diethylaminoethyl cellulose; CMC, carbOX1Jllethyl celluloseo other ab­
breviations used are consistent with the abbreviations commonly accepted 
by the Journal of Biological. Chemistry. 



CHAPTER II 

LITERATURE REVIE,W 

An attempt will be made to briefly review subject areas which 

directly and indirectly bear on various aspects of the thesis subject 

mat·tero Since part of the thesis will be concerned with the identifi­

cation of a compound having some characteristics or a nucleotide­

peptide, ·the structures and functions of various kinds of nucleotide­

peptides will be briefly reviewedo The nucleotide-peptide which will 

be shown to be an unsymmetrical disulfide of coenzyme A and glutathione 

is cleaved aa shown in equation 1 to the sul.fhydryl f'orm of coenzyme A 

and oxidized glutathione in the presence of g1utathione and an enz,me 

to be describedo The nature of the reactants and products of the 

reaction suggest that a review of important naturally occurring su1f'­

hyd:eyl and disulfide compounds and some of their more important chemi­

cal reactions should be undertakeno This will include a brief review 

of the function of sulfur in proteins o Since the above reaction is a 
, 

sulfhydry1-disulfide interchange reaction and can be viewed as an 

oxidation-reduction reaction it was felt desirable to review, sometimes 

briefly, enzymes which catalyze the oxidation of su1f'hydry1 groups or 

reduction or d.isul!ide bonds, and in more detail those enzymes which 

have been shown to catalyze sulfhydryl-disulfide interchange reactionso 

3 
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Nucleotide-Peptides 

Small molecules are frequently found to be activated by biological 

systems to form intermediates which subsequently either are incorporated 

into macromolecules or are utilized in other group transfer reactionso 

Nucleoside monophosphate acid anhydrides are important carriers of small 

molecules for incorporation into polymers, while other activated mole­

cules such as S-adenosyl methionine exemplify the group transfer categoryo 

Thus, amino acid derivatives ot adenylic acid are activated intermediates 

in protein synthesis (equations 2, 3 and 4)o 

Amino acid + ATP + Enzyme~ Aminoacyl - AMP - Enzyme + PPi (2) 

Am.inoacyl - AMP - Enzyme + sRNA ~ . Aminoacyl - sRNA + Enzyme (3) 

Aminoacyl - sRNA ~ ~ ---+ Protein (4) 

Sugar derivatives of uridine, guanosine, or th,midine diphosphate 

are activated. intermediates in the biosynthesis or polysaccharides (1) 

(equations 5 and 6) 
0 

An example of activation and transfer to poly­

saccharide is shown by equations 5 and 6, respectivelyo 

UTP + Sugar-1-phosphate ~ UDP - Sugar + PP 

UDP - Sugar + Acceptor ~ Acceptor - Sugar + UDP 

(5) 

(6) 

In addition to these relatively simple substances, more complex 

typee of molecules can also be activated as nucleotide derivatives, for 

example, UDP-mura.myl-peptides (2) o It is currently believed that nucleo­

tide derivatives of this type are precursors of the bacterial cell wall 

(3) which is a crosslinked polymer of glycopeptide, polyglycine and poly­

ribilophosphate (4)o 
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UDP-Muramyl-Peptides 

UDP-Muramyl peptides were first isolated by Park (5) from penicillin 

treated Staphylococcus aureuso The chemically most complicated of those 

isolated was a UDP-muraJJl1'1-pentapeptide, uridine-diphospho-N-acetyl­

muramyl-L-ala.nyl-D-glutamyl-L-lysyl-D-alanyl-D-alanineo Its structure 

is shown in Figure l (2)o UDP-GNAc-lactyl-L-alanine was also observed 

in penicill.i.n treated s. aureuso When the organisms were treated with 

ba.citracin or novobiocin, instead of penicillin, the same uridine nucleo­

tides accumulatedo C>xancy-cin treated §o aureus accumulated UDP-GNAc­

lactyl-L-ala-D-glu-L-lys0 The nucleotide which accumulated in experi­

ments with lysine deprivation is UDP-GNAc-lactyl-L-ala-D-glu (6)0 

Recently, Wishnow and Strominger et a.lo (7) reported that novobiocin 

also induced accumulation of the urid:ine nucleotide which has the same 

structure as the UDP-muramyl-pentapeptide formed in penicillin treated 

So aureuso Strominger also showed (8) that glycine induced the accumu­

lation of four uridine nucleotides in So aureuso These are: UDP...GNAc­

lactate, UDP-GNAc-lactyl-gly-D-glu-L-lys, UDP-GNAc-lactyl-L-ala-D~glu­

gly and UDP--GNAc-lactyl-gly-D-glu-L-lys-D-ala-D-alanineo The biosynthesis 

of these UDP-mura.myl-peptides in penicillin treated §o aureus was eluci­

dated by Ito and Strominger (9) o They demonstrated the sequential in­

corporation of 14c amino acids into different UDP-muramyl-peptide 

acceptor molecules as summarized in the following series of reactions 

designated as equation 7o 



OH 

0 0 
11 II 

CH -0-P-O-P-O 
2 I I 

0 0 

H 

CH -C-NH 

CH OH 
2 

H 

J IJ C 

0 I 'e=o 
H.30 

La1a 
I 
D-g1u-COOH 
I 
L-l.ys-NH 
I 2 
D-a1a 
I 
D-a1a-COOH 

6 



UDP-GNAc-lactate + L-alanine 
(I) 

ATP 
~ UDP-GNAc-lacty1-L-a1a 

Mn (II) 

D-glutamic acid L-lysine 
> UDP-GNAc-lact71-L-a1a-D-glu * ~ 

ATP, Mn -f+ (III) ATP, Mn 

UDP-GNAc-lacty1-L-ala-D-g1u-L-lys 
(IV) 

ATP 
2-D-a1anine ~ D-a1a-D-a1a 

Mn (V) 

ATP 
{IV)+ (V) ~ UDP-GNAc-lacty1-L-a1a-D-g1u-L-lys-D-a1a-D-a1a 

Mn (VI) 

7 

(7) 

The assay for the enzymatic reactions represented by the above equations 

was based on the conversion of radioactive amino acids to a charcoal 

absorbab1e form as a result of their addition to the appropriate nuc1eo­

tides (9)o Since the various transferring enz,mes were insensitive to 

RNase, the participation of RNA in the synthesis of the UDP-muramyl­

pentapeptide was excluded (10) o 

The function of UDP-muramy1-peptides as precursors in ce11 wall 

biosynthesis has been proposed by several workers (3, ll, 12)o Chatterjii 

and Park (13) presented evidence that the ro1e of UDP-muramy-1-peptide 

was to synthesize a mucopeptide backbone in the presence of UDP-GNAc, 

and that this mucopeptide backbone acts as an acceptor into which pol.y-­

gl..ycine is incorporatedo 

More recently, Anderson and Strominger (14) found that the initial 

reaction in glycopeptide synthesis_ in So aureus and Mi.crococcus ],.ysodei.k­

ticus is the transfer of phosphoacety1-mur~1-pentapeptide from UDP­

muramy1-peptide to a lipid fraction with liberation ot UMP o The GNAc 

moiety or UDP-GNAc is then transferred to the lipid fraction with 



liberation of UDPo Fina.11.y the disaccharide, GNAc-MurNAc-pentapeptide 

is transferred to an acceptor (presumably an incomplete g~copeptide) 

8 

with the release of inorganic phosphate and lipido This reaction sequence 

represents a relatively late step in over-all cell wall biosynthesis but 

appears to precede the addition of' polyglycine residueso 

Rev.laws on the history and development of this subject have been 

presented by Strominger (15), Perkins (l.6) and Ashwell (l.O)o 

Aminoa.c:y1-AMP 

Am:tnoa.cyl adenylates which function as intermediates in protein 

synthesis can be prepared chemically (17, 18)o Their general structure 

is shown in Figure 2o The acyl adenylates of CC-amino acids are rapidly 

hydrolyzed at a pH close to 7 aO, but exhibit much greater stability at 

a pH of less than 5o5o On the other hand, J3-al.a.ny1-adenyl.ate (like 

acyl adeny1ate or benzoyl adenylate) i.s relatively stable at neutral 

pH., Under certain conditicms, CC-aminoacyl ade:nylat.es are spontaneously 

converted to products that appear to be the corresponding isomeric 

derivative in which the amino acid is esterified to the 2',(3') of 

adenosine 5'-phosphateo Aminoa.cyl adeny1ates also react rapid1y' with 

ammonia, hydroxy-la.mine and f'ree amino acids .. As early as 1941, Lipmann 

(14) suggested that high energy phosphate was involved in the activation 

of amino acids f'or protein synthesiso Zam.ecnik and Keller (20) showed 

that ATP and a rat liver protein fran the soluble fraction of' the cell 

were essential for the incorporation of 14c-a.mino acids into the protein 

of microsomeso Hoagland (21) showed that a 100 x g rat liver super­

natant fraction catalyzed. the exchange of pyrophosphate and ATP and 

that the exchange was stimulated approximately three fold when all 20 



9 

N 

NH+ N) I 3 
R-C C=O 

-~ 

l I 
H 0 

- I 
0-P 0 CH2 . 

~ 0 

·oH OH 
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amino acids were added. In the presence of hydroxy-la.mine, amino acid 

hydroxamates were formed and AMP and pyrophosphate accumulated. These 

results provided the evidence for the enzymatic activation of amino 

acids and suggested the formation of a tightly enzyme-bound form of the 

activated amino acid. The direct formation of amino acid adenylate· 

intermediates was demonstrated by Karasek et al. (22) and by Kingdon 

§1 alo (23).. Recently direct evidence was obtained for the formation 

of enzyme bound isoleucyl adenylate, ya.lyl adenylate (24) and threonyl 

adenyla.te (25). In these studies, the enzyme-linked intermediates were 

separated from reaction mixtures by passage through a column ot sephadex. 

The fo:nns.tion of an enz,me bound amino acyl-AMP is depicted in 

equations 8, 9 and 10. 

Enzyme + ATP~ Enzyme - AMP - PP ( 8) 

Enzyme - AMP - PP + AA~ Enzyme - AMP - AA + PP ( 9) 

Sum: Enzyme + ATP + AA~ PP+ Enzyme - AMP - AA (10) 

Activatil'lg enzymes for most natural CC-amino acids have been detected 

and some have been purified. Thus far, there has been no clear cut 

demonstration of the existence of either a hydroxyproline activating 

enz,me or a 5-hydroxyl-lysine activating enzyme (26). 

Aminoacyl Soluble RNA 

There is evidence that the amino acid activating enzymes also 

catalyze the transfer of the aminoacyl moiety of the enzyme-bound amino­

acyl adenylate to specific soluble RNA acceptors (27, 28) {equation 11) 0 
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Enzyme-a.minoacyl adenylate + sRNA~ Aminoacyl-sRNA + Enzyme + AMP (11) 

The first indication that RNA was involved in the activation of 

amino acids came from studies of Holley (27). He observed an RNase 

sensitive alanine stimulated exchange of radioactive AMP and ATP which 

was cata~ed by a soluble protein traction obtained from rat liver which 

contained sBNA. Hoagland et !1• (28, 29) and Ogata n al. (.30-.33) showed 

that the fraction obtained from the soluble traction ot a rat liver 

homogenate bj" precipitation at pH 5 contained low molecular weight sRNA 

as well as amino acid activating enz,mes, and that the sRNA became labeled 

when the enzyme preparation was incubated with labeled amino acids and 

ATP o The formation of aminoacyl hydroxamates cata~ed by amino acid 

activating enzyme is inhibited. by RNA (34); s:ilnilarly the transfer of 

the aminoacyl moiety of aminoacyl adenylate to RNA is inhibited by 

hydroxyla.mine and by inorganic pyrophosphateo These results support 

the reaction sequence shown in equation llo Wong and Meister (35) found 

that the transfer reaction catalyzed by the activating enz,me is specific 

with respect to the aminoacyl moietyo 

A number of studies have been carried out to determine the nature 

of the chemical linkage between the amino acid and sRNA. Evidence frcsn 

studies on 14c-leucyl RNA (26) showed that 14c-1eucine can be reaclily 
14 14 . 

hydrolyzed from C-leucyl-RNA by dilute alkalio When C-leucyl-RNA 

was treated with pancreatic RNase, the radioactivity was liberated in 

the form of a low molecular weight, positivel7 charged 
14c compound 

14 that gave adenosine and C-leucine on alkaline hydrolysiso It did not 

react with period.ate or ninhydrin prior to hydrolysis o These findings 

indicated that the compound is the leucyl 2'(3') ester of adenosine 0 
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More recent studies have indicated that the amino acid is probably 

attached to the 3' hydroxyl group of the terminal adenosine residue of 

the different sRNA molecules (36-38). A partial representation of an 

aminoacyl sRNA is shown in Figure 3. Holley's recent papers (39, 40) 

may be consulted for the complete primary structure of alanyl sRNAo 

Cohen and Gros (41), Berg (42), Simpson (43) and Moldave (44) have 

published. review articles on the biosynthesis of peptides and proteins, 

which cover in more detail the two sections on the aminoacyl adeeylatee 

and aminoacyl sRNA complexes described aboveo 

other Nucleotide Peptides Which Ma:y be Intermediates in Protein S:ynthesis 

Many papers in the literature have reported the presence of a 

variety of nucleotide-peptides in either the cell sap or nucleio 

Koningsberger (45) found nucleotide-bound carboxyl-activated peptide 

compounds in yeast extractso These can.pounds were reported to form 

hydroxamates with hydroxylamineo Szafranski reported the observation 

of nucleotide-peptides of similar nature from guinea pig liver cytoplasm 

(46) as well as in the nuclei (47)o Harris and Davies (48) showed the 

chemical structure of one of the nucleotide-peptides which they isolated 

from yeast (Figure 4)o 

The nucleotide-peptides obtained from yeast appear to have either 

a 5'-phosphoanhydride or a 2' or 3'-ribose ester bonds to link the 

nucleotide moiety to peptide moiety (50) o Harris compared these struc­

tures to the structures of the compounds involved in protein synthesis 

(described above) and suggested that similar steps were required for 

the activation and transfer of peptides as are required for the activa­

tion and transfer of amino acid unitso His group reported (51) the 
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partial fractionation ot a yeast enzl7Dle which is capable of activating 

peptides to form nucleotide-peptides. Harris suggested that these 

compounds functioned as activated intermediates of de !!S!!2. protein 

synthesis, products or an energy dependent process of protein degrada­

tion, or intermediates in the cellular recyclization of proteins. 

Gilbert, (.52) recently presented evidence that the polypheny1alanine 

chain, made by- a polyuridy-lic-directed synthesis in a cell-tree system 

from Escherichia coli, was covalently linked to an sRNA molecule. The 

bond between the po~eptide chain and the sRNA is similar to that in 

aminoacy-1 sRNAo Bretscher (S.3) also showed that in polyadenylic acid­

directed poly-lysine synthesis, the polypeptide was associated with one 

(or both) of the hydroxyl groups of the terminal adenosine residue of 

sRNAo The isolation of peptides covalently linked to sRNA is consistent 

with the suggestion that peptidyl nucleotide compoWlds may be inter­

mediates in protein synthesis. A brief review on the participation of 

peptidyl sRNA in protein synthesis has been presented by Moldave (44)o 

S-AdenoSYl Methionine, S-Adenosyl Homocysteine and S-Adenosy1 Ethionine 

The observation that transmethylaticn reactions involving methionine 

required ATP suggested that transfer of the methyl group of methionine 

required prior activation (.54). The activation of methionine was shown 

by Cantoni to proceed as shown in equation 12 (5;). 

L-methionine +ATP~ "active methionine" + PPi + Pi (12) 

The structure of the "active methionine" (S-adenosyl methionine; AMe) 

is shown in Figure 5. 
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The evidence tor this structure was summarized by Cantoni (58) as 

follows: (a) when 35S-methionine was used in the above reaction radio­

activity was incorporated into AMe., (b) the absorption spectra of AMe 

was identical to AMP., (c) AMe contained about one mole of pentose and 

one mole of' labile methyl group per mole of' base, and (d) adenine, 

homoserine and an unidentified sulfur containing fragment were obtained 

from AMe by acid hydro~eie. The structure was proved by total chemical 

synthesis by Baddiley and Jamieson (57). 

S-Adenoql methionine is present in a number of rat tissues at a 

level of 10 to 50 rp.g/r,n (58). 

The first transfer reaction in which S-adenoql methionine was 

found to participate was a methyl group transfer to guanidinoacetic acid 

to give creatine (equation 13). 

Guanidinoacetic + S-adenosyl __ ~S-adenosyl + creatine 
acid methionine homocysteine 

S-Adenosyl methionine has since been found to be a methyl donor 

1n many transmethylation reactions (26). 

(13) 

In addition to its function in methyl group transfer, S-adenosyl 

methionine is an intermediate in the biosynthesis of spermine and sperm.i­

dine in some microorganisms (59). In the series of reactions leading to 

spermine synthesis S-adenosyl methionine is first decarboxylated and 

the residual propylarn1n-. group is then transferred to putrescine to 

form spermidine. Addition of a mole of propylarnine to spermidine from 

decarboxylated S-ac;lenos71 methionine then produces spermineo In this 

series of reactions it is a propylamine group rather than a methy1 

group which is transferred. 



S-Adenosyl. homocysteine is one of the products in methyl. group 

transfer react:1.ons from S-adenosyl. meth:1.oDllle. It can al.so be formed 

from adenos:ine and homocysteine in a reversible manner by either rat 

1:1.ver (60) or yeast enZ)'Dles (61) (equation 14). 

l.8 

Adenosine + L-homocysteine~ S-adenosyl-L-homocysteine (14) 

It can al.so be hydrolyzed to adenine and S-ribosy1 homocysteine by an 

Eo ~ nucl.eosidase (62). 

S-Aden0syl. homocysteine is a precursor in a second route l.eadi.ng 

to S-adenosy1 meth:1.onine formation by addition of a one carbon mdt 

from 14c labeled formate or serine to the sulfur atan of S-adenosy-l. 

hamocystEdne and subsequent reduction of this carbon unit to a methyl. 

group (c:ited in 63) (equation 15). 

S-adenosyl.-L-ham.ocysteine + (c
1 

unit)~S-adenosyl.-L-methioni.ne (15) 

When Toru1opsis utilis is cul.tured in a medi.um containing ethionine, 

a compound, S-adenosyl. ethionine, is formed. Transeth,-l.ation reactions 

invol.ving S-a.denosyl. ethionine have been observed. (63) o Formation of S­

adenos7]. ethionine and transethyl.ation may be due to incomplete speci­

f'i.city o:t the enzyme responsibl.e for the anal.ogous reactions :Lnvol.ving 

methionine. A review of the structure and function of S-aden057l. 

methionine has been presented by Shapiro (63). 

A Nucleotide-Peptide ,m!! Bovine Liver 

In l.961, Wilken and Hansen (64) reported the iso1ation and partial 

characterlmation of a nucleot:ide-peptide. This compound was isolated 

from percb1oric acid extracts of bovine liver by purification on Dowex-1 
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formate resin columns followed by paper chromatography o The purified 

compound was found to absorb ultraviolet light and to react with nin­

hydrino The compound had an absorption spectrum s1rn1Jar to that or 

aclenosine at pH 2 and pH 7 o After acid hydrolysis and paper chromato­

graphy, olU.1' one ultraviolet absorbing can.pound cou1d be detectedo It 

had the mobility of adenineo The original compound contained one mole 

of pentose and three moles of organic phosphate per mole of aclenosineo 

The organic phosphate was relativeJ.T stable to acid hydro:cy-siso The 

number of ninhydrin amino equivalents before acid hydro~sis was found 

to be one mole per mole of base and a.tt;er hydrolysis, this number in-­

creased to five to six. Two dimensional paper chromatograph7 of an 

HCl hydrolysate of the compound showed that the can.pound contained. 

g~ine, glutamic acid, J3-alanine, cyeteic acid and taurineo An un­

identified ninhydrin positive component with a mobility s:!m~lar to 

but not identical with serine was also detected. A DNP derivative of 

the compound was prepared which gave DNP~glutamic a.cid aft,er acid hydroly-­

sis and chromatography, thereby showing that the amino terminal residue 

was glutamic acido 

Rye grass 3'-nucleotidase released one of the three phosphate 

moieties frcm the molecu1eo When the nucleotide-peptide was pre1ncubated 

with 3'-nucleotidase followed by incubation with Crotalus atrox venom. 

which contained 5'-nucleotidase, two moles of inorganic phosphate were 

released per mole of the compo1mdo Paper chromatography of a mildly 

alkaline hydrol.ysate of the com.pound gave a component which had the 

mobility ot 3, ,5'-adenosine diphosphateo When the products ot 3'­

nucleotidase and 3 '-nucleotidase plus 5, -nucleotidase treatments were 

hydrolyzed in Oo01 M KOH a.rd chramatographed, components having the 
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mobility of ;• AMP and adenosine, respectivel.7, were detected. Further­

more, when the nucleotide-peptide was treated with 3 1-nucleotidase and 

chromatographed, onl7 inorganic phosphate and 3 1-dephospho-nucleotide­

peptide were detected. The above evidence indicated that the bovine 

liver nucleotide-peptide contained an adenosine 3' ,5'-diphosphate moiety 

and six amino acids in the peptide moiety with glutamic acid as the 

amino-terminal amino acid. Although the canpound was not completely 

characteri1&ed, the possible types bond between the nucleotide moiety 

and the peptide moiety, the location of the third phosphate group, and 

the nature of the unidentified ninhydrin positive component were dis­

cussed. 

More recently, Oka.hara and Hansen (6;) have reinvestigated the 

nucleotide-peptide. Their results confirmed the previous findings (64) 

with one exception. They did not observe an "unidentified ninhydrin 

positive component." This point will be discussed in the chapter on 

11 Resu1ts" later in this thesis. This compound appears to be present 
2 

in trichloroacetic acid filtrates prepared from guinea pig liver. 

A compound with some properties s:lJDilar to the bovine liver nucleotide­

peptide has be~n reported to occur in rat liver (66). 

Compoun~ij Containing Sulfhydcyl and Disulfide Groups 

This portion of the literature review will be concerned with 

sulf'hydr.yl and disulf'ide compoimds. The low molecular weight compounds 

of this type will be discussed first followed by a discussion of the 

sulfur containing peptides and proteins. EklZ)'D.es 1nvo1ved in sulfhydryl-

2oo C. Mill, Personal communication. 
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disulfide exchange reactions will be discussed last o The chemistry of 

sulfhydry-1 and disulfide compounds will be described with cysteine o 

Coenm,me A and glutathione and sul.fhydryl-disultide exchange reaction 

catalyzing enz,mes will be covered in the greatest detail due to their 

relation to the current problem. 

Sul.flcydryl and Disulfide Groups in Low Molecular Weight Compounds 

C:ysteine and Qystine. Greenstein and Winitz have presented a 

historical review on cysteine and cystine (67). Cystine was first iso­

lated by Wollaston (68) in 1810 fran urinary calculi. Baumann (69) in 

1884 first reduced c7stine to c7steine by using tin and hydroch1oric 

acid. Merner (70) 1n 1899 isolated 079tine from protein. The struc­

ture of cystine and c7ste:me were proved by synthesis by Erlenmeyer (71) 0 

Cystine is not ver.r soluble 1n neutral solution and little or no f'ree 

cystine is present in cells. Cystine does occur as one of the components 

of proteins. For example, it accounts for 12 percent of the protein or 

hmnan hair, keratin. ~ cystine and not cysteine is f'ound af'ter acid 

hydrolysis of proteins. Cy-steine is Im.own to occur in proteins, how­

ever, since many proteins show a distinctive red col.or with sodium 

nitroprusside, a sensitive reagent for sulfhydry-1 groups. In addition 

S--carboxymethyl cysteine has been isolated fran several proteins by 

acid hydrol.ysis following treatment with iodoacetate. There is evidence 

that the cystine of protein is fo:nned by oxidation of cysteine after 

its incorporation into the polypeptide chain as will be discussed in a 

later section of this chaptero 

The presence of both -SH and -NH3 groups in cysteine has caused 

difficu1ty 1n determining the dissociation constants of these groups 
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because or the overlap of the acid strength of the ammonium and mercapto 

groups (72) o At pH values affecting the -SH and -NH; groups, the carboxyl 

group is fully ionized. The dissociations of cysteine are presented by 

the scheme shown as equation 160 

.,......SH 
KA. 

s-
R, ~ 

R___., 

NH.3 'NH+ 
3 

~1i 11Kc 
SH ?-R.,..... R 

'NH < K 'NH 
2 D 2 

CH-
12 

Where R = HC-

1 -coo 

(16) 

Noda §1 alo (7.3) showed that RS- exhibited an appreciable absorption in 

the 230 n,i region which was not exhibited by RSH. Benesch and Benesch 

(74) used this observation to determine the various pK values for 

cysteine. The values they ~btained at 2.3° C were pKA, 805.3; P~, 8°86; 

pK0 , .l0o.36; and pKn, 10.0.3 corresponding to the various equilibria 

shown in equation l6o These values are in agreement with the titration 

data or S-methyl cysteine and cysteine betaine by Graf'ins and Niel.ands 

{75)o 

The relationship between cysteine and cystine was first indicated 

by Baumann (69) except that the structure of these amino acids was not 

fully lmown at that time. Oxidation of the -SH group of cysteine to 

the -S-S- of cystine is readily effected by atmospheric oxygen if 

trace amounts of metal ions, particularly those of iron and copper, 

are present. Metal cata4'zed oxidation is suppressed by agents such 



as cyanide and pyrophosphate. Cy,steine is much more readily oxidized 

by atmospheric oxygen than is glutathione, a tripeptide containing 

cysteine. 
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The oxidation or cysteine to cystine is also effected by iodine in 

acetic acid, ferric cyanide and o-iodosobenzoic acid (72). The oxida­

tion of cysteine or glutathione by H
2
o2 is considerabl:y slower at acidic 

pH than at neutrality, and the oxidation in acidic solution is catalyzed 

by copper ions (72). The oxidation of cysteine with bromine water goes 

beyond the disulfide stage, and the sulthJdryl group is converted to a 

sulfonic acid group with the formation of cysteic acid (72). 

In addition to oxidation the sulfhydryl group in cysteine or other 

sulfhydry-1 compounds also undergoes addition and.alkylation reactions. 

Sulthydry-1 groups add to carbonyls as is shown in equation 17 to give 

OH 

' I RSH + ,_.C=O ;:<====::! -C-S\R (17) 
I 

thiohemiacetals or thiohemiketals (84).· Rothschild and Barron (143) 

have reported spectrophotometric evidence for the formation of an 

addition compound of cysteine and betaine aldehyde. Cy-steine reacts 

with glyceraldebyde-3-phosphate to give a product which is inactive 

with glyceraldehyde-3-phosphate dehydrogenase (76). 

Sulf'hydryl groups also add across double bonds. The addition 

reaction of cysteine to N-ethylmaleimide is shown in equation 18. 

0 
COOR 11 H COOH 

+ HS-CH -1--cH CH -N/'--i<.S-CH2-~ (18) 
21 32V I 

NH2 II NH2 
0 



This reaction is useful in the inhibition of a number of enzymes con­

taining essential -SH groups by N-ethylmaleimide and other compounds 

with a reactive double bond (72). Ma1eic acid reacts similarly but much 

less readily (77). 

Allcy-la.tion of sulfbydryl groups with iod.oacetate occurs readi~, 

particularly at an elevated pH, and is frequently used to test for 

essential -SH groups in enz,mes. The reaction is shown in equation 190 

(19) 

With chloroacetate which contains a more firmly bound chlorine atan, 

the reaction proceeds more slowl.1' and with fluoroacetate, no significant 

allcy-1ation is observed. Cy'steine and glutathione are also readily 

alkylated in methyl bromide vapor. The reaction of fluoropyruvate with 

cysteine produces an intensive absorption at 300 mµ (72)o 

The formation of mercaptides (heav,- metal salts of sulfhydry1 

compounds) is relatively specific for su1fhydryl groups in biological 

materials and is useful as _an analytical ~oolo Boyer (72) has pre-­

sented a review covering mercaptide tormationo Trivalent arsenic and 

antimony, bivalent lead, mercury, copper, cadmium, zinc and monovalent 

mercury, copper, silver.and gold readily .fonn. slightly- dissociable 

mercaptides (72). Mercuric salts also cleave thioesters and disultides 

with resultant mercaptide formation. 

The reaction o.f cysteine with p-chloromercuribenzoic acid, another 

widely used sulf'hydryl reagent is shown in equation 20 (72) 0 
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CH2-SH 

NH JHCOOH + Clllg 0' COO--..... > CH -SHg 0' COO- + HCl 
2 _ I 2 -

(20) 

NH2CHCOOH 

This reaction is important in enz,me investigations o Mercaptide torma­

tion by p-chloromercuribenzoate is accomplished by a considerable increase 

in the ultraviolet absorption at 250 mµ which can be quantitatively re­

lated to the sulf'hydryl content. This provides a useful analytical tool 

(78). 

The disulfide bond in cystine and other disulfides is readily 

cleaved by sulthydeyl groups, sulfite, and cyanide and oxidatively 

cleaved by perfomic acid (72). The cleavage by sulfh,cleyl groups 

represents a sulfhydeyl-disultide interchange reaction as shown in 

equations 21 to 2.3. 

RSH + R1SSR1 

RSH + R1SSR 

Sum: 2RSH + R1SSR' 

R1SH + R1SSR 

R'SH + RSSR 

----- 2R' SH + RSSR 

(21) 

(22) 

(23) 

The reaction with cyanide as well as that with HCN appears to involve 

cleavage of the disulfide bond with addition, the products being -SH 

and -SON (79). 

Homoc:ysteine and Homocystine (26). Homoc7steine is the next 

higher homolog of cysteine and thus undergoes many of the same reactions 

as does cysteine. It is not a constituent of protein; however, it is an 

important participant in metabolic reactions involving methionine as has 

been discussed under reactions of S-adenosyl methionineo The oxidation 



of homocysteine leads to the formation of the corresponding disulfide 

hamocystine. 
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Glutathione. This widely distributed sulfur containing peptide 

was discovered 1n 1921 by Hopkins (80) and was shown to be a tripeptide 

of cysteine, glutamic acid and glycine (81). The structure (shown 

below) was finally established as l-L-glutaJD1'l-L-cysteinyl-glycine by 

Harrington and Mead (82). 

yooH f82SH 
NH

2
CHCHCH2CH2CO-NHCHCO-NHCH

2
COOH 

Cxe functional group in the molecule is the thiol group which is present in the 

cysteinyl moiety. The chemistry- of GSH therefore is similar to that 

of other su1fhydryl and disulfide compounds which have been described 

in the section on cysteine and cystine in this chapter. 

A list of the distribution of glutathione in various tissues has 

been reported (83). 

Although glutathione has been known tor so many years, and has 

given rise to a very extensive literature, its function in biologica1 

systems is still somewhat obscure. It can provide a path for the oxida­

tion of the coenzym.es through ascorbate and either ascorbate oxidase in 

plants or cytochrome oxidase in animals. There is no evidence as yet 

as to the physiological importance of these pathways. Many enzymes 

are -SH enz,mes which are active only in thiol state. Thus, an 

"euphoristic theory" has grown from the observations of the non­

specificity of glutathione in keeping these enzymes in the reduced 

form.. As Racker has stated (92) "GSH is present in cells to keep the 
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e~ in a happy state either by preventing their oxidation or by pro­

tecting them against toxic heavy metalso 11 

Glutathione acts as a specific coenzJme for a few enzymes or enzJ7l!le 

systems (85). In these cases, c7steine can not replace GSH. The GSH 

probably forms a covalent compound with the substrates in all these 

caaeso 

Lohmann identified GSH as a coenzyme of g:cyoxalase (86)0 Hopkins 

and Morgan (87) showed that this enzyme s7stem contains two ermJmes and 

called them 11 enm}'Dle" and "factor." The mechanism of the conversion of 

methylgJ.;roxal to lactic acid was elucidated b7 Backer (88). The "enzyme" 

and "factor" ot Hopkins and Morgan are now lmown as lact07lglutathione 

q&se and hydrax:yac7l glutathione hJdrolase, respectively-o The second 

enzyme hydrolyzes a number of glutathione thiol esters of CC-hydroxy 

acidao These reactions are shown in equation 240 

c~ r3 r3 I 
C=O H-C-OH H-C-OH 
I J.ya.se ') I hydrolase> I 

(24) H-C=O C=O HO-C=O 
+ I + 
GSH SG GSH 

Another case in which the true substrate of an enzyme is a compound 

formed between the -SH group of GSH and an a1dehyde is that of forma1de-­

hyde dehydrogenase of liver. Strittmater and Ball (89) found no other 

thio1 which would act. They suggested that the reaction catalyzed by 

the enzyme is : 
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H H H 
I I Enzyme I DPN 

H-C=O > H-C-OH '> H-C-OH -E 
+ I I 

<.: DPNH 
GSH SG SG 

(25) 
H H 
I 

'E+~ 
H2o 

C==O -E ~ HCOOH + GSH 

' ' I 
SG SG 

The final 111dro:cy-sis is thought to be cata~ed by an enzyme . in 

the preparation., since the preparation also rapidly' eydro~es S-acet71-

glutathione o 

G8H is also the specific coenz,me of sane of the cis-trans isomer­

izations (90). These enZ1Jlles appear to catalyze a shift in the dis­

position of groups in planar molecu1eso The addition 0£ g1utathione 

across the double bond would produce a saturated compound and allow 

free rotation.. If the elimination of glutathione then takes pl.ace with 

removal of the hydrogen other than which was was added, isomerization 

would resulto 

Conflicting reports have been published concerning the involve­

ment of GSH in the enzyme reaction catalyzed by glyceraldehyde-3-

phosphate dehydrogenase. Krlmsky and Racker (91-94) presented the 

following evidence which suggested that glutathione is a firmly bound 

prosthetic group of glyceraldehyde-3-phosphate dehydrogenase from 

rabbit muscle: a) the enz1J!le liberated glutathione when treated w.ith 

trypsin, b) tryptic digestion of the enmyme af'ter reaction with 14c 

acetyl phosphate liberated a radioactive component which moved with 

carrier acetyl glutathione on Dowex 50 resin and on paper chromato­

graphyo Based on their quantitative studies on the effect of iodoacetate 
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on the release of glutathione by proteolytic digestion, these authors 

also suggested that the bound glutathione is the binding site for DPN 

(93). Recent results ot Perham and Harris (95) showed that the amino 

acid sequence around the reactive cysteine residues in glycera1dehyde-

3-phosphate dehydrogenase from yeast and pig muscle and rabbit muscle 

are identical.o The suli'hydryl derivatives of 114c iodoacetate and 
14 1 C-p-nitrophenyl acetate occurred exclusively in the same unique 

octadecaptide sequence of amino acids in the primary structure of the 

enzyme isolated tram the three different sourceso No evidence was 

obtained that a glutathione moiety is involved in the reactive site ot 

the ens~e. 

Coenz:yme A• Coenzyme A is the coenzJme form of the vitamin panto­

thenic acid (96). It was discovered as a cofactor for acetylation in 

liver and microorganisms by Lipmann (97). Its structure was established 

by Lipmann and his coworkers by a series of sel.ective enzyme degrada­

tions (98)
0 

{The structure of coenzyme A is shown as part of the struc~ 

ture of CoASSG in Figure 12.) Crystalline coeniyme A has so far not 

been obtained. The best preparations are o:t about 95 percent purityo 

They are o:t white powdery, amorphous consistency, exhibit a typical 

odor, and are readily soluble in water but insol.ubl.e in acetone, ether 

and ethanolo Coenzyme A has the properties of a nucleotide and those of 

a mercaptano It is a strong acido It forms insoluble mercuric, silver 

and cuprous mercaptides (99). Electrometric titration shows the fol­

lowing pK values: pK 906 {thiol), pK 6.4 (secondary phosphate) and 
+ pK 4o0 (adenine NH
3

) (100). Coenzyme A, like other thiols (see cysteine 

sectim this chapter) is readily oxidized to a biological1y inactive 
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disulfide. Reagents which allcy-1.ate thiol groups such as iodoacetate, 

N-ethylma.leimide, p-chloromercuribenzoate and arsenite also inactivate 

coenzyme A. Free coenzyme A is stable if kept dry o In solution it is 

fairly stable between pH 2 to 6 and between o0 to 40° and not stable 

at pH 800 or higher (101). In more acid solutions, the molecule is 

broken down especially at elevated temperature. Among the breakdown 

products, dephospho-CoA, 3 ' , S '-ADP, pant otheine 4' -phosphate and 

adenine were found (102). 

Usually coenmyme A is isolated f'rom yeast and purified by charcoa1 

absorption (102), mercaptide formation with cuprous ion (100) an:! by 

ion exchange chromatography preceded by protective acylation of the 

thiol group (104). The coenz,me A prepared in this manner is of poor 

purityo 

J.mpurities result because coenzyme A, like other thiols, is 

readily oxidized to the cata:cytically inactive disu1fide by air 

expecially in the presence of trace amounts of' heavy metals (105) 0 

If' other thiol compounds are present, as is generally the case in bio­

logical materials, mixed disulfides may be formed (106) for example 

with glutathione or cysteine (98, 104, 107, 108). The disulfide bond 

may be reduced by mine-hydrochloric acid (103), sodium amalgam (106, 

109), H
2
s, mercaptans (110), or alkali metal borohydride (ill) o Pro­

tection of the thiol group during purification by benzolation (112) 

or introduction or a reductive step in the purification procedure 

increases the purity or the product (101). Small samples of coenzyme 

A can be further purified by paper chromatography (107, U3, 114) or 

by paper electrophoresis in weak acid medium (115, 116) 0 

Coenzyme A occurs in a wide variety or animal and plant tissues 
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and in microorganisms (110, 112)o More than 50 percent of the coenzyme 

A in liver is present in the mitochondria. Tables listing the distribu­

tion of CoA in animal tissues, plants and microorganisms have been 

compiled ( 110) • 

Since coenzyme A is the coenzyme form or the vitamin pantothenic 

acid the first portion of de n2!,2. synthesis of this coenzyme in micro­

organisms is identical to the pathway of pantothenic acid biosynthesiso 

Formation of coenzyme A tram. pantothenic acid in microorganisms and in 

mammalian tissue was established by Brown (117-119) and has been 

reviewed by Jaenike and Lynen (112) and by Brown and Reynolds (117) 0 

Coenz,me A prepared chemicall.7 contains two isomers, the natural f'orm 

(3'-phosphate) and iso-coenzyme A (2'-phosphate). Iso-coenmyme A has 

no coenzyme A activity in biochemical reactions which require the 

natural isomer (120). 

The major metabolic role of coenzyme A is its function in acy1 

group transfer. Its thioestercompounds, acyl-CoA derivatives, are 

important activated intermediates in metabolism. This is shown by the 

fact that over 60 enzymes act on acyl-CoA compounds (112). Thioesters 

· contain a carbonyl function which is linked to sul.fur. The enzymatic 

activation process may occur at both the carbonyl function and the 

neighboring carbon atom. The activated carbonyl group is relatively 

positively charged while the C(-methylene (or methyl) carbon is relatively 

negatively charged having carbonion character. Thus reactions of acyl­

CoA derivatives, that is, acylation, condensation, substitution and 

elimination can take place nucleophilically or electrophilical.ly 

at the respective activated locus. Detailed reviews on this subject 

have been presented by Jaenike and Lynen (112) and by Wagner and 
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Folkers (96). 

Lipoic Acid (121). Dewey first reported this coenzyme in 1941 to 

be a growth factor, "Factor II," tor the protozoan Tetrah:vmena o This 

.factor was concentrated by Stokstad {122) who called it "Protogen" or 

"Protogen A." Meanwhile Guirard (123) showed the existence of a 

factor which could replace the requirement tor acetate in the growth 

of certain bacteria, which they called "acetate-replacing factor" and 

0'Kane and Gunealus (124) had discovered a 11pyruvate oxidation factor" 

for Streptococcus taeca.ll,s o These factors were eventually shown to 

be identical with protogen. The substance was cr.ystallized in 1951 

by Reed, DeBush, Gunsalus and Hornberger (125) who proposed the name 

'~-lipoic acid" because of its solubility in organic solvents. It 

has also been called "thioctic acid." The name "lipoic acid" is now 

most conmonly used tor both oxidized and reduced forms shown below 

(126). 

IH2CH2j<CH2)4COOH 

SH SH 

Oxidized lipoic acid Reduced lipoic acid 

The essential biological change in lipoic acid is the reduction 

of the disulfide group into two tbiol groups and their reoxidation a 

This is shown later in equations 26-30 in the section on the function 

of -SH and -S-S- in enzyme activity. One of the carbons is assymmetric, 

so that two optical isomers exist. The natural isomer of the oxidized 

form is dextrorotatory, but gives rise on reduction to the levorotatory 

reduced form. Only the natural isomer is active in biological syat ems 
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such as the pyruvate dehydrogenase systemo A cansiderab1e part of the 

lipoate in cells appears to exist bound to protein, attached by a pep­

tide bond to the €-amino group of a J.ysme group and can be removed by 

an enzyme from yeast or bacteria (126). 

Disu1fide Compounds in Amino Aciduria (127). The first discovered 

amino aciduria, c7Stinuria, was believed to be an inborn error of 

metabolism (128). Subsequent work has shown that cystinuria is 

associated with a defect in the tubular reabsorption system tor this 

amino acid as well as ornithine., arginine and l.7sine (129). The daily 

excretion of cyatine in c7stinuria is about one gram. Similar amounts 

of basic amino acidc:i may be excreted (127). Humans and dogs having 

cystinuria have been found to excrete the unsymmetrical disulfide of 

L-cyateine and L-homocysteine (1.30). This disulfide has also been 

found in the urine of patients with Wilson's diseaseo Recently, it 

was found that the administration of D-peniciJJarn1ne leads to excretion 

of L»cysteine-D-penicillam1ne disulfide am a reduction of cystine 

excretion in cystinuria (131). 

Su1fhydry1 §!lg Disulfide Groups in Macromolecu1es 

Function of Sulth.ydeyl and Disul.fide Groups m, Protein Structure_ 0 

An lllportant role of disul.tide groups in proteins is the maintenance 

of their three dimensional structure or conformationo Markus and Karu.sh 

(1.32) found that complete reduction of the disulfide bonds of serum 

albumin in the presence of detergent increased the viscosity 0 £ the 

solution, indicating disorganization of the tertiary structure 0 

The necessity of diau1fide bords for activity in trypsin, chymo-



34 

trypsin and chymotrypsinogen was shown by- Peter et a1o (13.3) o Mercapto­

ethano1, cysteine, g1utathione, 2,3-dithiog1ycerol, thiosalicylate and 

Na
2
s inactivated crystalline trypsin. The inactivation which was ac­

companied by the appearance of sulf'hydeyl groups (134) demonstrated the 

essentiality of the disulfide linkage in trypsin. The sedimentation 

constant of trypsin in urea (lo585) canpared to native trypsin (2o55) 

indicated that trypsin in urea exists in an unfolded formo Rupture 

of the disulfide bonds led to a further lowering of the sedimentation 

constant (Oo985) which was interpreted as more extensive tmfo1d1ngo 

Complete reduction ot cb1motrypsin by sulfite in the presence of p­

merouribenzoate gave small fragments (134). Thia suggested that the 

protein contains chains held together b7 disulfide linkages (134) o In 

addition to data implicating the importance of disulfide bonds in 

protein structure by physical techniques many experlments have been 

performed with enmymes in which alteration of the number of disulfide 

bonds has 1ed to a decrease in enzyme activity suggesting atructura1 

changes have occurred. 

Boyer et !1• (135) have suggested that sulfhyd.ry-1 groups as well 

as disulfide groups may be invo1ved in the maintenance of tertiary 

structure of proteins. The hydrogen of sulfbydey1 groups might act 

as a .donor for weak hydrogen bonds and such bands might contribute 

critical. extra stabilizationo They also pointed out that the possi­

bi1ity o:r charge transfer compl.exes between the sulfhydeyl groups aid 

tyrosine residues shou1d not be overlookedo Ionic attractions from 

sulfhydryl groups or even covalent bonds other than disu1fide bonds 

are other possible contributing factors to protein conformationo 
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Function of Sulf'h.ydry;l and Disulfide Groups in Enz:vme Activity (72) o 

The literature contains numerous reports indicating the necessity for 

f'ree sulfhydryl groups f'or enzyme activity; however, little basic in.forma­

tion is available to indicate how sulfhydryl groups function in enzyme 

catalysiBo Most postulates remain unproved or unteetedo Many studies 

of a possible relationship between a sulfhydryl group and enzyme catalysis 

consist only of a report on the effect of various reagents that react 

with su1.t'hydcyl groups on the catalysis, the possible prevention or 

reversal of any observed effect by low-molecular weight sulfhydryl 

compounds, and less often, evaluation of the presence of substrate on 

any effect notedo p-Chloromerouribenzoate, iodoacetamide and N-ethyl­

maleimide are the most frequently used aulfhydeyl reagents which often 

cause inhibition of enzl'l'D8 catalyaiao GSH, cysteine, merca.ptoethanol 

and 2,3-dimeroapto-1-propanol (BAL) are connnonly used to attempt to 

reverse the inhibitory effects of the sulfhydryl reagents listed above. 

Evidence has been obtained to indicate an involvement or specific 

sulfur groups in enzyme catalysis in some caseso The studies of 

Hellerman on urease (136) demonstrated that some sulfhydryl groups may 

be blocked without much loss in activityo With urease (1.37), musc1e 

aldolaae (138) and yeast alcohol dehydrogenase (72), a considerable 

portion of' the total suJ.fhydr.yl groups react with p-chlorome?"curibenzoate 

before activity loss occurs. Limited reaction of myoain actually in-­

creases its ATPase activity with ca* as an activator (l39)o Hartshorne 

and Mora1es (140) have recently shown that a 13-state ~osin (modified 

form) has three to four times greater ATPase activity than the c(-state 

(native form) o Further modification of myosin to the )' .... state yielded 

a protein form having no activity at allo Glyceraldehyde-3-phosphate 
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dehydrogenase (72) has some sulthydryl groups that do not participate 

in catalysis. Inactivation of lactic dehydrogenase occurred slowly and 

roughly correlated with the reaction of the sulthydryl groups with p­

mercuribenzoate {141) o Kaplan (142) recentl:y showed that lactic dehydro­

genase is partiall:y inactivated as a result of freezing and thawing and 

that this is caused by oxidation of the sulf'hydryl groups in the enzymeo 

Black (183) has shown that two out of the three sulf'hydryl groups in 

glutathione reductase are not essential to its cata:cyt,ic acti v.tty o 

Only that eulfhydryl group which reacts with N-ethylmaleimide after 

TPNH reduction is essential tor activityo Koshland (144) has shown 

that phosphoglucomutase undergoes a conformation change induced by its 

substrate glucose-6-phoephateo This change exposes certain su1fhydryl 

groups of' the enzyme and increases the rate of inactivation of the enzyme 

by iodoacetamideo 

Several different methods of involvement or sulfur in a catalytic 

role in different enzymes .. have been proposedo They include the following 

four types: 

(1) Interconversion of a sulfhydryl and a disulfide in an enzyme bound 

cofactoro 

Gunsalus (1.45) first proposed the mechanism of c:(-keto acid oxidation 

in the Krebs cycleo His work on the oxidation of cC-ketoglutarate by 

preparations from Crookes strain of Eo ~ lent support to the role 

of the lipoyl group in the enzyme complex of cC-ketoglutarate dehydrogenase 

and in the pyruvate dehydrogenase complex 0 The role of lipoate in oxi=­

dative decarboJcy"lation in which the disulfide of lipoic acid is reduced 

and then reoxidized is shown in the following series of reactions taken 
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from Wagner (96) (equations 26-30). 

0 OH 
II I 

CH3ccoo- + TPP =,==::!' c~c - TPP + CO2 (26) 

Pyruvate 

~CH2)4ij _ protein A ·cH ) r, - protein 
(27) 

1 r OH ~1 r 2 4 
s-s I -----;;, s- sec + TPP H3 

+ CH3C - TPP II 
Lipoamide 0 

A, . ~ LJ IT <29) I_ rCH2)4C - protein __,._ (CH2)4C - protein 

S SH + FAD + H+ ~ --S + FADH2 

Reduced Lipoamide 

+ 
FADH

2 
+ DPN 

(2) Possible free radical formation. 

FAD + DPNH + H+ (30) 

Barron (146) indicated the possibility or the existence of a thiol 

radical in the mcidation or alcohol catalyzed by alcohol dehydrogenase 0 

He suggested that the oxidation reduction is mediated by a one electron 

oxidation-reduction system in which a free radical protein, P-S, formed 

as :follows could participate. 
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P-SH (31) 

The possible participation of a free radical protein is shown in the 

following series of reactions: 

• ::::a. • RCH
2

0H + P-S RCHOH + P-SH (32) 

P-SH + DPN+ - • + (33) < P-S + DPN + H 

• • ~ RCHOH + P-S RCHO + PSH (34) 
' • . 

P-SH + DPN 
" 

P-S + DPNH (35) 

Sum: RCH
2

0H + DPN+ 

' 
RCHO + DPNH + H + (36) 

Evidence which supports the possible involvement of free radicals 

was obtained by Commoner n, alo (147) who reported the detection of a 

small concentration of free radical during alcohol dehydrogenase 

reactions by use of very sensitive electron paramagnetic resonance 

techniqueso 

(3) Binding of substrates (72) 

A commonly used type of evidence that sul.f"hydryl groups are located 

at or near the binding site for substrates is the protection which sub­

strates a.ff'ord against reaction of essential sulfhydryl groups with 

various reagentso Unfortunately, substrate protection by itself" falls 

far short of establishing that the sulfhydry-1 group protected is at or near 

the actual binding siteo Substrates may induce a conformational change 

in the enzyme (1.44) o Therefore, the substrate could conceivably prevent 

the reaction of a sulfhydryl group sane distance from the actual reaction 

site by causing it to assume a position inaccessible to the reagent 0 

The binding of substrate by sulfhydcyl groups might occur by 

hydrogen bond formation using the hydrogen on the sulfur or by electro-



.39 

static attraction between a negatively charged sulfur atom and a positive 

center or the substrate. In sane cases a covalent bond can be f'ormedo 

For example, during fatty acid biosynthesis in E. coli, the substrates 

are bound to the acyl carrier protein through a thioester linkage {148-

155). Majerus, Alberts and Vagelos (156) have presented evidence that 

the su1£hydryl group of 41-phosphopantotheine is the binding siteo This 

prosthetic group is bound by a phosphodiester linkage to the hydroxyl 

group or a serine residue of the proteino 

(4) Binding or cofactors 

The most pertinent evidence suggestlllg possible sulfhydryl group 

participation in the binding of cofactors comes from studies on the 

interaction of enmymes with DPN. Theorell and Bonniohsen (157) reported 

a shift in the spectral maximum of DPNH from 340 to 325 mµ by binding 

to liver alcohol dehydrogenase. The spectral shift was abolished by 

reaction of the enzyme with p-mercuribenzoate • Racker and Krimsky 

{158) observed that DPN bound to muscle glyceraldehyde~.3-phosphate 

dehydrogenase shows a broad weak increase in absorption in the .360 mµ 

region and that the increased absorption is abolished by iodoacetate 0 

Slater et alo (159) recently studied this relaticnship and suggeat ed 

that a sulf'hydryl group on the enzyme has a dual functiono It binds with 

the DPN molecule and in a later step also with the substrate, an alde­

hyde O A mechanism of charge transfer canplex was proposed to account 

for these actionso 

Functions in Peptide Honnones 0 Schwartz (196) formulated a thiol­

disul.fide interchange hypothesis for disulfide hormone action° Cadenas 

(161) found that 10-3 M N-ethylmaleimide strongly suppressed the insulin 
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dependent ability of the perfused rat heart to accumulate free glucose, 

though it did not effect the capacity of the cell to utilize this sugaro 
131 

The inhibitor also reduced by one-half the binding of I-insulin by 

tissue. Fong (162) demonstrated that 
131

I-insulin became bound to the 

insulin sensitive tissue, rat epididymal fat pads and diaphragms, and 

that about one-half of this bound material was released by treatment 

with thiols under conditions expected to cleave disulfide bonds° Carlin 

and Huchter (163) found that if diaphragm was pretreated with insulin 

the inhibitory effects of N-etbylmaleimide on glycogen synthesis were 

increased rather than reduced. These authors suggested that the hormone 

"alters the muscle fiber in such a way that the N-ethylmaleimide reactive 

site previously unavailable to the sulthydeyl reagent became exposed." 

This phenomenon does not call for the reduction in the number of sulf'­

hydryl groups but rather for an exchange of position with disulfide 

groups. In its new position, the su.lfhydryl group might render the 

permeability process more sensitive to thiol reagents than it was 

originally. 

Lehninger and Neubert· (164) have found that disulfides as well as 

thiola have a profound effect on the water absorption of rat liver and 

kidney mitochondria. Especially to be noted is the fact a ,mixture of 

sulfhydryl and disulfide compounds was far more effective in inducing 

such mitochondrial swelling than either was alone. The disulfide 

hormones, vasopressin, oxytosin and insulin were approximately l0O 

times more effective than a simple disulf'ide such as GSSG. 

Cafruny et a1. (l.65) found that the hormone, pitressin, reduced 

the quantity of histochemically detectable sul.f'hydryl. groups in kidney 

tubules and suggested that this is related to the hormone's diuretic 
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function. 

Function in Cell Division. Mazia (166), who isolated the mitotic 

apparatus of the sea urchin egg, proposed. the possible invo1~em.ent of 

sul.:f'hydey-1 and disul..tide groups in the cellular division processo The 

mi.totic apparatus was suggested to be a 11disu1tide bonded structure" 

on the bas:1.s of its stabilization by the cli.sullide form of mercapto­

ethano1 and its 1oss of structure in the presence of sul.f'hydry-1 com­

pounds .. 

Sakai and Dan (167) suggested that the cyclic change of su1fhydry1 

groups, whi.ch occurs in cells during the division cyc1e, occurs in a 

protein substance which is precipitated by saturated (NH4)2so4 but not 

by TCA o Sakai (168) has prepared a thread-like precipitate from a KC1-

extract of the water-1nso1ub1e portion of cell homogenates and made a 

study of the contraction properties of these threadso In general, 
-f+ +r 

contraction could be caused by metallic ions such as Mn , Cd or 

+H-
Al or by oxidizing agents such as dehydroascorbic acid or cystineo 

A water soluble fraction of the homogenate could be substituted :for 

metal ion or oxidizing agent in the inducti.on of thread contractiono 

This effect was due to the combined action of a non-dia1yzab1e but 

1abi1e component and a di.al.:yzab1e heat stable canponent o The heat 

labile component might be an enzyme having transhyd.rogenase-like activi.tyo 

Enzymes Catalyzing Su.1fb:ydry1 Group Oxidations, Disulfide Group Reductions 

and Sulf'hydry:1-Disulfide Interchange Reactionso 

Lipoyl Dehydrogenase (EoCo lo6o4o3o NADH
2

:ll.poamide oxidoreductase; 

originally lmown as diaphorase) o The enzyme catalyzes the reaction: 
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DPNH + H+ + oxidized lipoamide ___ DPN+ + dihyd.ro lipoamide (37) 

The enzyme activity is distributed in animal tissues, plants, yeast and 

in bacteriao Hager and Gunsalus (169) first demonstrated the presence 

of this en~e activity in bacteria and animals. It was also found in 

yeast by Cutolo (170) and in plant tissue by Busu and Burma (171) • 

Searl et al. (172) and Massey et alo (173) found that lipoyl dehydro­

genase could be inhibited by arsenite only in the presence of DPNH 0 

The DPNH exposable group is the disulfide bond of a cystine residue of 

the proteino Massey (174) found the reduced form of the enz,me bas 

one-half the molecular weight of the oxidized form. This suggested 

that in the enz~e two peptide chains are joined by a disulfide bond 

between cysteine residues. The involvement of this enzyme as part of 

the pyruvate dehydrogenase complex has been described in an earlier 

sectiono 

Glutathione Deltydrogenase (E.C. L8 0 50 L Glutathione:dehydro­

ascorbate oxidoreductase). The enzyme catalyzes the following reaction~ 

2 GSH + dehydroascorbate---- GSSG + ascorbate (38) 

This enzyme is found in higher plants and in yeast. Crook (175) iso­

lated the enzyme fran plant tissue and reported its kinetic propertieso 

Nitrate Ester Reductase (E.C. l.8 0 6 0 1 0 Glutathione:pol.ynitrate 

oxidoreductase). 

2 GSH + organonitrate GSSG + organonitrite (39) 

Heppel et §:!. (176) reported the purification of this enzyme from hog 



liver. The enz:.vme had a pH optimum between 7 and 8 and was sensitive 

to trace amounts of cupric salts. The enzyme did not st:lmulate the 

reaction between cysteine and nitrog]Jrcerin. 

Glutathione Peroxidase (E.C. lollol.ao Glutathione:H2o2 oxido­

reductase) o 
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GSSG + 2H20 (40) 

Mills (177) partially purified the enzyme from rat liver, kidney and 

lung. 

Cystine Reductase (E.C. 1.6.4.1. NADH2:L-c7Stine oxidoreductase) 0 

Romano and Nickerson (178) reported the observation ot an enz,me 

activity in pea seeds and yeast which catalyzes the reduction of cystine 

by DPNH. 

. . 

Cy'stine + DPNH + H+ __ ,..) 2 cysteine + DPN+ (41) 

They reported that this enzyme.is specific with respect to both 

substrates cystine and DPNH. Black (179) pointed out that such an 

activity has not been separated from or adequately distinguished from 

other lmown disu1fide reducing systems. In the report of Powning and 

Irzykiewics (180) evidence was presented that a dialyzed extract of 

cJ.othes moths could reduce the disulfide bond ot cystine with the oxida­

tion of TPNH, a property that is especially noteworthy in view of the 

moth I s ability to digest wool which is rich in disulfide bonds o How­

ever, no evidence was presented to indicate that this reaction was not 

due to the coupled action of glutathione reductase and a nonspecific 

transhydrogenase or to some other nonspecific systano 



Glutathione Reductase (E.C. 1.6.4.2. NADPH
2

:glutathione oxido­

reductase) (179, 181, 182, 183). 

TPNH + H+ + GSSG ------> 2 GSH + TPN+ 
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(42) 

The ubiquitous occurrence of glutathione and of glutathione reductase 

in cells suggested that the oxidation and reduction of this thio1 cam.­

pound may play a central role in cellular metabolism (179). 

In 1931, Hopkins and Elliott (184) first demonstrated a heat labile system 

in liver which was capable of reducing oxidized glutathione. Subsequently, 

enz1D>.e preparations from beet, sheep and rabbit liver (185) and erythro-

cytes (186) were also found to catal:yze glutathione reduction. In 1952, 

Rall and Lehninger (187) using crude pig liver preparations, demonstrated 

the enz,ma.tic oxidation of TPNH by GSSG. Their work showed that the 

purified liver enzyme was specific with respect to TPNH aai that the 

reaction catalyzed was not reversible., -Pyridine nucleotide-linked 

glutathione reductase has been observed in other mammalian tissues and 

also in microorganisms, yeast, and higher plants (179). 

TPNH is a more active reductant than DPNH with all the glutathione 

reductase enzl7DJ.e preparations studied; in most cases no reaction occurs 

with DPNH (85). Racker (86), however, found reduction of GSSG by DPNH 

using the yeast enz1D1e but the reaction rate with DPNH was on1y about 

one-hundredth that with TPNH. No disulfide except GSSG is 1mown to be 

reduced by g1utathione red.uctase (84). Several mixed disulfides, 

formed by exchange of GSH with other disulfides, cannot be reduced by 

the liver enzyme (188). 

Mize §!. !Y:• (189) found that rat liver glutathione reductase bound 

14c-glutathione when exposed to this substrate and liberated the 1abeled 
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compound on treatment with TPNH. On the basis of their results, they 

postulated the following mechanism of the enz1Jlle action: 

E-SH + GSSG Fr-SSG + GSH 

E-SSG + TPNH ---~> E-SH + GSH + TPN 

(43) 

(44) 

This pattern shows that TPNH is not required to expose the reactive 

sulfhydryl groups of the enz1Jlle as it does on lipoyl dehydrogenase (190) 

or yeast glutathione reductase (191). Buzard and Kopko (192) showed 

that glutathione reductase contains FAD. The above mechanism suggested 

by Mize needs to be revised to account for the role of flavin° 

Colman and Black (183) recent:cy- studied the role of FAD and thiol 

groups in the cata~ic mechanism or yeast glut,atbione reductase • Their 

results are shown schematically in Figure 60 On the basis of the capacity 

of the enzyme to bind 14c-N-ethylmaleimide, the enzyme had three dis­

tinguishable sulfhydryl groups. Only the first sulfhydryl group (I) 

was determinable in the native enz,meo The second one (II) was revealed 

by dissolving the enzyme in 6 M urea. The third sulfhydryl group (III) 

appeared on reduction of the enzyme with TPNH 0 The first two sulfhydryl 

groups were not essential to the catalytic activity of the enzyme, 

whereas binding of the third one by NEM abolished the enzymatic activity 0 

FAD also appeared to be involved in the catalytic mechanism but 

its role was not established. The molecular weight of yeast glutathione 

reductase was determined by the same authors as 118,000 and it contained 

approximately one equivalent of FAD per mole of enzymeo 

Glutathione-Homoc:ystine Transhydrogenase (E 0 C. 1.8.4.1. Gluta­

thione:homocystine oxidoreductase)o 



Figure 6 

Schematic Diagram of the Yeast Glutathione Reductase and 

Its Reaction with N-Ethylmalei.mide ( NEM) ( 183) 
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In the course of si;udies on the reduction o:t GSSG by liver g1uta­

thione reductase, Racker (19.3) first found that a number of' other di­

sulfide compounds were reduced in the presence of a crude liver extract 0 

Hom.ocyst:me was found to be the most active hydrogen acceptor. A 

reaction scheme f'or this hydrogen transfer was proposed. 

homocystine + 2 GSH -,--­

GSSG + TPNH + H+ 

GSSG + bomccysteine 

2 GSH + TPN+ 

(45) 

(46) 

' 
Racker parti~ purified this enzyme from beef' liver, and found 

that it is not stable if fractionated with ammonium sulfate. Dibasic 

ammonium phosphate was used in his fractionation steps. Although the 

enz1Jl).e was reported not to have any ,activity with cystine ( 193), Racker 

later (179) found that at a suitable concentration, cystine al.so serves 

as a substrate. 

Glutathione-Insulin Transh.ydrogenase ( 194) • 

Narahara and Williams (194) first detected glutathione-insulin 

transh)'drogenase in rat liver. The enz,me catalyzed the hydrogen trane:ter 

between the sulfhydeyl group of glutathione and the disulfide bonds in 

insulin. For the purpose of assaying the enQDle, one product, GSSG, was 

reduced by glutathione reductase with the concomitant oxidation of TPNH 

to TPN which was detected spectrophotometrically. The reactions are 

shown in equations 47 and 48. 

insulin+ 2 GSH 

GSSG + TPNH + H+ 

GSH-insulin transh:ydrogenase, 
(47) 

reduced insulin+ GSSG 

glutathione reductase 
2 GSH + TPN+ {48) 

Tomizawa and Halsey ( 19;) purified this enmyme to a high degree 
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from beef' liver. The enz1]D.e reaction was studied in more detail by 

Katzen and Stetten ( 196). They- found that all three of the disulfide 

bonds in insulin were reduced to form the two insulin peptide chains 

with the disulfide bridge of the glycine (A) chain openedo A Km for 

insulin of 4.3 x 10-5 M was determined. Olcytocin and vassopressin were 

also found to serve as substrates, whereas lipoic acid, homocystine, or 

cystine and ribonuclease were not substrates (179). 

Katzen and Stetten ( 196) showed that the transhydrogenase also 

cata.1.yzes the refo:nnation of physio1ogical:cy active insulin from its 

reduced componentso The regeneration of physiologically active insulin 

was assayed by observing its stimulatory effect upon the metabolism of 

epididymal. adipose tissue. Eleven per cent of the original activity 

of insulin was recovered when the reduced fragments were oxidized in 

the presence of the transhydrogenase, whereas onl.7 0o6 percent was 

recovered on oxidation in the absence of the ens,me. The authors 

considered that the extent of sul.thydr,.l oxidation was similar in both 

experiments and therefore suggested that the enz1Jne directs the ref orma­

tic,n of the "correct" disulfide bonds tor biological activity. Tietze 

and Katmen (197) showed further evidence to support the earlier observa­

tion on the reversibilit7 of the enz,me reaction o The enQJlle was found 

to enhance the rate of regeneration of insulin accordi?Jg to 1.mmuno­

chemical aesa7 methods follow.lJJg reduction of the hormone b,- mercapto­

ethanol in 8 M urea. The7 further observed. that glutathione-insulin 

transbydrogenase accelerated the rate of reappearance of .HNase activity 

following reduction of the latter enzJme by mercaptoethanol in 8 M urea. 

This observation leaves open the possibility of a similarity between 

glutathione-insulin transhydrogenase and the RNase-regenerating enzyme 
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described below. 

Recently Tomizawa and Varandan (198) reported the presence of 

glutathione-insulin transhydrogenase in human liver. The ~ value of 

human hepatic enzyme was determined to be 35 pM compared. to 50 pM for 

the beef hepatic enzyme. The TCA soluble product produced by the human 

enzyme from insulin again was found to be the A chain by NH2-termina1 

and complete amino acid analysis. Tomizawa (199) also has reported 

the isolation of glutathione-insulin transhydrogenase fran beef pancreas 0 

An Enzyme Catal.yzing the Sulfh.ydry:1-Disulfide Interchange Within 

Protein Molecules. Goldberger et al. (200) and Venetianer and Straub 

(201) nearly simultaneously reported the detection or an enzyme in 

pancreas and liver microsomes, respectively, which catalyzed the 

reactivation of reduced RNase in the presence of soluble cofactors 

(200). The soluble factors could be replaced. by dehydroascorbic acid 

(202). Further studies by both groups (203, 204) led to the conclusion 

that the sulfhydryl groups of reduced RNase were at least partially 

reoxidized by dehydroascorbate to form incorrectly paired disulfide 

bridges and that the microsomal enmyme catalyzed an intramolecular 

sulfhydryl-disulfide exchange to form correctly paired disulfide 

bridges to yield native HNase. The enzyme, which also reactivated 

reduced lysozyme (205hhas been suggested to play a role at a late 

stage of protein synthesis to form correctly paired disulfide bonds 

in proteins (201, 203, 206). The location of the enzyme in the micro­

somes is consistent with this viewpoint. 



CHAPTER II 

EXPERlMENTAL PROCEDURE 

Methods 

The bovine liver nucleotide-peptide was usually isolated by a 

alight modification of the previously reported procedure ( 64) o The 

modification is described in the chapter on "Results o II The methods used 

for the purification of the nucleotide-peptide were: (a) paper 

electrophoresis in System 1, formic acid-acetic acid-H20 {3:12:85 

V/V) (207) and (b) paper chromatography in System 2, isobutyric aeid­

H2o-NH40H (66:33:1 V/V) (210)0 The Whatman 3 MM paper used for electro­

phoresis was previously washed with 2 N acetic acid, water and ethanol 

in that order and then dried in airo Chromatography in System 3, 

ieobutyric acid-NH40H-H
2

0 (57:4:39 V/V) (208); System 4, 95 percent 

ethanol-1 M ammonium acetate pH 3.5 (7o5:3 V/V) (209); or System;, 

95 percent ethanol-1 M ammonium acetate pH 7 .5 (7 .5:3 V/V) (209) was 

used in addition to the systems indicated above to test homogeneity 

of some nucleotide-peptide preparations. 

Ultraviolet absorbing com}?ounds were detected on paper using short 

wavelength (253"7 mp) ultraviolet_light (Chromate-VUE, Model C-3, Ultra-­

Violet Product Inc o) • Ninhydrin reactive compounds were detected on 

paper by spraying with ninhydrin reagent A, a solution of one percent 

ninhydr:l.n in ethanol, collidine, water (90: 5: 5 V/V), or B, the poly-
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chromatic ninhydrin spray described by Moffat and Lytle (210) o Sul..f­

hydryl groups and disulfide bonds were detected with the reagents de­

scribed by Toennies and Kolb (211). 
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A molar absorptivity of 15o4 x 10
3 

at pH 7 .o (208) was used to 

estimate adenosine nucleotide concentration at 2;9 mp. Phosphorus was 

determined by the method of Fisk and SubbaRow (212) atYi ninhydrin amino­

equivalents were determined according to Moore and Stein (213). 

CoASSG was synthesized according to the method of Eldjarn and 

Pihl (214) f'or the preparation of unsymmetrical disulfides. Details 

of the procedure are described in the "Results. 11 Other mixed disul.fides 

were prepared in the same manner using the appropriate sul.fhydey'l com­

pound and disulfide compound in a one to four molar ratio, respectively. 

The mixed disulfides except GSSC and CSST were separated from the other 

reaction products by paper electrophoresis in System 1, cut from the 

paper and eluted with water. GSSC and CSST were separated from other 

reaction products by chromatography on a Dowex-1 acetate resin colwnn 

under the same conditions used to separate GSH and GSSG described below 0 

For the purpose of determining the concentration of solutions of mixed 

diaulfides containing CoA, a molar absorptivity of 1;.1+ x 1fY per CoA 

residue at 259 mJl and neutral pH was assumed. All other mixed disu1tides 

which were prepared contained either one or two residues which cou1d be 

determined after performic acid oxidation (215) using the colorimetric 

ninhydrin procedure (21.3). Appropriate lmown disulfides were used as 

standards. Since the color development or equimolar amounts of the 

various disulfides tested yield slightly different values, the average 

value of the appropriate disulfides was used in the calculation of the 

concentration of the appropriate mixed disultideo For example, the 
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average color development obtained per mole ot !mown HSSH and GSSG was 

used in determining the concentration ot the s,nthesized mixed disu1f'ide 

HSSG. In order to be certain that products isolated were actually the 

expected mixed disulfides, each one was submitted to pertormic acid 

oxidation (215) and ·the sulfonic acids produced were separated by paper 

electrophoresis in System 1. The products were detected with ninhydrin 

reagent A and their mobilities were compared to the mobilities of' the 

sullonic acids prepared from the appropriate known sulf'hydry-1 or disulfide 

compounds by the perf'ormate treatment. All the synthesized disu.1fides 

(except one not reported in this thesis) yielded the correct products 

and did not appear to be contaminated with other ninhydrin reactive 

components. 

The procedure tor the fractionation of GSH-CoASSG transhydrogenase 

from bovine kidney is described in "Results. 11 The percent saturation 

of ammonium sulfate was calculated according to Kunitz (216). The DEAE 

cellulose column used in the final step ot the purification of the enzyme 

was prepared as follows: DEAE cellulose (Cellex-D, exchange capacity 

0.91 meq/gm, Calbiochem) was suspended in water. After removing the 

".fines" by decanting, the cellulose was cycled with 0.1 M NaOH, water, 

1 mM EDTA, 0.1 M HCl and .finally water until the excess acid was removed. 

The DEAE cellulose was converted to the phosphate fo:nn using l M potassium 

phosphate pH 7 .6 and then washed with water until the excess salt was 

removedo The cellulose suspension in water was packed into a column 

under 150 cm of hydrostatic pressure and then equilibrated with 1 mM 

potassium. phosphate pH 7 .6 in the cold room. Details of the chromato­

graphic procedure are described in "Results." 

Fnz,me assays are described in detail under "Results o" The unit 



5.3 

or GSH-CoASSG transhydrogenase is defined as the amount of enz~e which 

catalyzed the oxidation of one micromole of TPNH per minute at 25° under 

the conditions or the standard spectrometric assay (Results) o This is 

equ:1.valent to the cleavage of one micromole of CoASSG per minuteo This 

unit is the same one suggested by the IUB Commission on enzyme nomen­

clature (217) and is used throughout the thesis to describe units of 

all enzymes used in the various experimentso Specific activity is the 

number of units per mg of protein. Protein was determined by the method 

of Lowry et a1o (218). 

In experiments measuring the 35s exchange between 35s-GSH and GSSG 

the reaction products were separated by paper electrophoresis in System 

1, and located by" spraying with ninhydrin reagent A. The purple spots 

were cut f'ran the paper and decolorized in the counting vial as follows: 

the paper was moistened with ethanol followed by the addition of two 

drops of' formic acid and two drops of .30 percent hydrogen peroxide, in 

that ordero The excess ethanol, formic acid and a2o
2 

were then removed 

under vacuum. 0 The purpose ot this treatment was to decolorize the 

purple color which otherwise would cause quenching during liquid 

scinti1lation counting in a Packard, Tri-Ca.rb Liquid Scintillation 

Spectrometer, Series 314A. The composition ot the counting fluid was: 

PP0, 4 g; P0P0P, 0.2 g; toluene, 400 ml; and ethanol, 600 ml. 0 

The glutathione used in Michaelis constant experiments was purified 

by Dowex-1-acetate column chromatography to partially remove small 

amounts of GSSG present in the commercial preparation ot GSHo Dowex-1 

x 8 resin was converted to the acetate form by washing with 2 M sodium 

acetate and then with water to remove the excess sa1to Two hundred 

micromo1es of GSH were dissolved in 4 ml of' water and applied to a 
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Dowex-1-acetate column (2 x 30 cm) and eluted by a linear gradient 

starting with one liter. of H20 and one liter 2 M acetic acid in the 

mixing flask and reservoir, respective:cyo Five ml tractions were co1-

lected o The GSH tractions were detected by drying a small drop from 

each traction on a piece of Whatman l paper and spraying the paper with 

ninhydrin reagent Ao Glutathione usually was present in fractions 90 

to 105 o These tractions were pooled and l.yophilizedo The vacuum was 

released under nitrogeno The purified GSH was dissolved. in water and 

quantitated by the quantitative colorimetric ninhydrin me.thod (213) o 

A solution of purified GSH is stable tor one to two days when it is 

stored in a stoppered test tube in the cold. 

Materials 

The enzymes used were as follows: the supernatant solution ob­

tained from autol.ysis of dried Clostridium klu,yyeri (Worthington Bio­

chemical Corporation) in 0o0l M phosphate butter pH 7o5 wae used as a 

crude preparation (219) ot phosphotransacetylase (acetyl-CoA:orthophos~ 

phate acety1transferase, EoCo 2o3olo8)o Yeast g1utathione reductase 

(NAD(P) H
2

:g1utathione oxidoreductase, EoCo 1060402) was obtained from 

Sigma Chemical Company, alkaline phosphatase (orthophosphorie monoester 

phosphohydrolase, EoCo 3olo3ol) and cats.lase (H
2
o

2
:H2o2 orldoreductase, 

EoCo lollol 0 6) from Worthington Biochemical Corporation and RNase 

(polyribonuc1eotide 2-oligonucleotidotransferase (cyclizing~ EoC 0 

2o7o7o16) from Mann Research Laboratories, Inco The enz1]!le which 

hydrolyzes pantothenic acid from pantot.heine and which was used in the 

liberation of pantothenic acid from the nucleotide-peptide and fran CoA 
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was prepared by extracting 200 mg of chicken liver acetone powder with 

one ml of 0.02 M sodium bicarbonate solution (220). 

Chemicals 

Pantothenate assay medium was obtained from Difeo Laboratories, 

Inc o Acety1 phosphate was prepared according to Avison (221) o Calcium 

pantothenate was obtained tram Merck., Sharp am Dohmeo Coenz,me A was 

obtained frcm. P-L Biochemicals., Inco; lipoic acid., pantothine, insulin, 

c~ochrome c, TPNH am bov.Lne serum albumin tram Sigma Chemical Coo; 

GSH end GSSG from Boehringer and Soehne; c19tine from Mann Research 

Laboratories., Inco; homocystine f'rom K and K Laboratories, Inco; egg 

'' albumin from Nutritional Biochemical Corp.; S-GSH tram Sc~rz Bio-

researeh, Inc o; DEAE cellulose fran Calbiochem Corp. ; and Sephadex G-100 

from Pharmacia Fine Chemicals., Inc. All other chemicals used were of 

reagent grade. 



CHAPTER III 

RESULTS 

Identification ot Bovine Liver Nucleotide-Peptide 

Isolation of the Nucleotide-Peptide from Bovine Liver 

The procedure of isolation ~f' the nucleotide-peptide trom bovine 

liver was a slight modification of' that previously reported by Wilken 

and Hansen (64) o A neutralized perchloric acid extract or bovine liver 

(64) containing the acid soluble nucleotides was chromatographed- on a 

5 o 5 x 54 cm column or Dowex-1-formate resin as shown in Figure 7 o The 

mixing flask origina~ contained 5,000 ml H Oo The eluting so1utions 
2 

were (1) 1,000 ml water, (2) 4 M formic acid until the peak tube of the 

ADP fraction had eluted (about 14 liters), and (3) 4 M formic acid plus 

Oo2 M ammonium formate in that ordero Fractions containing approximately 

100 m1 each were collectedo Washing the column with water prior to 

elution with 4 M formic acid resulted in an improved separation of the 

nucleotide-peptide from other nucleotideso Further purification of the 

nucleotide-peptide by chranatography on a second ion-exchange column 

and paper chromatography was done by the previously reported procedure 

( 64) o Appraxima.tely 20 micromolea of' the compound could be obtained 

from 1 kg of liver. It was later found that an alternate purification 

procedure could also be used. The nucleotide-peptide f'ran the first 

Dowex-1-formate resin column was desalted by absorption and desorption 
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Figure 7 

Partia1 Separation of Nucleotide-Peptide fran Other 

Bovine Liver Acid Soluble Nuc1eotidee on a 

Dowex-1-Formate Resin Column 

The separation shown represents the nucleotides obtained from 

500 grams ot bovine liver" The fractions other than the nuc1eotide­

peptide were identified by their characteristic 280/260 ratio and b;y 

comparison of the elution diagram with the elution patterns pre­

viously reported (64, 65) using essentiall.y the same chromatographic 

procedure. FA is formic acid and AmF is ammonium forma.teo For 

details of the chromatographic procedure, see texto 
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from charcoal, then further purified by (a) electrophoresis on acid 

washed 3 MM paper for 30 minutes at 80 volts/cm in System 1 (Methods), 

(b) chromatography in System 2 (Methods) and (c) repetition or electro­

phoresis as described above. 

Presence of~ Disulfide Bond in the Nucleotide-Peptide 

Fifty mpmoles of the nucleotide-peptide purified by System 2 was 

spotted on Whatman Noo l paper with SO mJJDloles of coenz,me A as a markero 

After dipping the pa.per through a nitroprusside solution (211) the co­

enzyme A spot was pink, but no pink color developed in the area occupied 

by the ultraviolet absorbing spot corresponding to the nucleotide­

peptide o Another SO JDJlDlOles of the purified nucleotide-peptide was 

spotted on Whatman No. 1 paper with 50 mpmoles of oxidized glutathione 

as a marker. The paper was dipped through the nitroprusside so_lution 

f'irst; then while the paper was still damp, it was dipped through an 

alkaline solution of NaCN in methanol (211), and hung in a hoodo A 

pink color was visible within five minutes at both the oxidized gluta­

thione spot and the nucleotide-peptide spot. This color development 

under these conditions is characteristic of disulfide bonds. The third 

and fourth samples ot the purified nucleotide-peptide were spotted on 

Whatman No. l paper with oxidized glutathione and a mixture of AMP, 

ADP, and ATP as markerso The paper was chromatographed in System 3 

(Methods) which is able to resolve the nucleotide-peptide, free coenzyme 

A, GSH and GSSG (Figure 8). The developed chromatogram was tested both 

f'or ninhydrin positive compounds and nitroprusside reactive canpounds o 

The nucleotide-peptide spot again showed a positive nitropru.sside test 

only after treatment with an alkaline solution. of cyanide in methanolo 



Figure 8 

Presence of a Disulfide Bond in the Bovine 

Liver Nucleotide-Peptide 

This figure is a reproduction ot a chromatogram which shows 

the mobility of' the nucleotide-peptide relative to other compounds 

and that the nucleotide-peptide contains a disulfide bondo The 

nucleotide-peptide (N-P) was chranatographed in System 3 (Methods) 

along with standard markers ot GSH, GSSG, CoA and a mixture of 

AMP, ADP and ATP o The position ot ultraviolet absorbing com-

pounds is indicated by a closed line ( Q) o Strip l of the chromato­

gram was dipped through nitroprusside and cyanide reagents (211) in 

that order11 Compounds which gave a red color before dipping through 

5::: 
the cyanide reagent (indicating a sulf'hyd?'Y'l group) are shown as ~ 

and those which gave a red color after treating with the cyanide 

reagent (indicating a disulfide bond) are shown as f o Strip 2 of 

the chromatogram was sprayed with m.nhydrin reagent Ao A positive 

reaction is shown as ~ • 
~ 
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From these results it was found that the bovine liver nucleotide-peptide 

contains a disulfide bond and that it does not contain sulfhydryl groupso 

Presence of ~ Pantothenic Acid Residue in the NucleotidewPeptide 

The pantothenic acid content of the nucleotide-peptide was determined 

by microbiological assay with the use of Lactobacillus arabinosus 17-5 

as the test organismo The procedure used was essentially the one de­

scribed by Novelli, Kaplan and IJ.pmann (220) except that chicken liver 

acetone power extract (in place of pigeon liver acetone powder extract) 

and ccmmercial alkaline phosphatase were used to liberate pantothenic 

acid from coenzJme Ao In some assays, the incubation mixture responsible 

for liberation of pantothenic acid fran the nucleotide-peptide was made 

609 JriM with cysteineo This amount of cysteine in the incubation mixture 

during the cleavage of coenm,me A yielded a molar ratio of cysteine tc 

nucleotide-peptide of 2S0o The significance of this ratio will be 

discussed. l.atero Growth in Difeo pa.ntothenate medium supplemented 

with the enzymatic hydrolysates of coenmyme A or the nucleotide-peptide 

was compared to growth in tubes supplemented with various levels of 

calcium pantothenate by measuring the turbidity of the organisms at 

660 mµo The results shown in Table I, experiment 1, indicate that the 

nucleotide-peptide contains one mole ot pantothenic acid per mole 0 £ 

adenosine when the enzymatic cleavage to pantothenic acid was conducted 

in the presence of cysteineo In the absence of cysteine, the libera­

tion of pantothenic acid from the nucleotide-peptide was not complete 

within the incubation time employedo Recovery of pantothenic acid from 

coenzyme A was also slightly depressed in the absence of cysteine 0 The 

effect of the cysteine may have been to liberate a CoA residue from the 



TABLE I 

PANTOTHENIC ACID AND COENZIME A CONTENT 
OF NUCLEorIDE-FEPl'IDE 
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Experiment and 
compound tested 

Amouni_ of product 
Plus c7steine Minus cyeteinea 

lo Pantothenic acid formation 

Nucleotide-peptide 

CoA 

2o Coenzyme A formation 

Nucleotide-peptide 

pmoles/µmole adenosine 

0.98 

Oo85 OoOO 

ain experiment l incubation mixtures for the enz,matic cleavage of 
CoA or the nucleotide-peptide to liberate pantothenate were adjusted to 
contain 609 mM cysteine except as indicatedo Pantothena.te was aubse=­
quently determined by microbiological assay (see text and ref'erenee 220) 0 

In experiment 2 phosphotra.nsacetylase assays (see text and reference 222) 
for the estimation of CoA were conducted in the presence of 11 mM cystei.ne 
except as indicatedo 
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nucleotide-peptide by a sulfhydry-1-disulfide interchange. The CoA then 

might liberate a pantothenic acid residue at a taster rate than the 

intact nucleotide-peptide. 

Presence of Coenz:yme A Residue in the Nucleotide-Peptide 

The coenz:yme A content ot the nucleotide-peptide was determined by 

comparing its ability to replace a limiting amount of coenm,me A in the 

hydrolysis o:t acetyl phosphate in the presence of excess phosphotrans­

acetylase (222) o The residua1 acet7l phosphate was estimated by a 

hydroxamic acid procedure (223). Although the assay mixture normally 

contained cy-eteine (11 mM) during the· incubation prior to the determina­

tion of residual. acet7l phosphate., one set of experiments was conducted 

in whi.ch cysteine was omitted. Since the amount of nucleotide-peptide 

was varied in different experiments., the ratio of c7Steine to nucleotide­

peptide varied between 1180 and 2200. The results shown in Table I, 

experiment 2, indicate that in the presence of a large excess of cysteine, 

the nucleotide-peptide yielded nearly one mole of coenzyme A per mole of 

adenosine. In the absence of added cysteine no coenzyme A activity was 

observed. This .finding is consistent with data presented above which 

indicated the presence of a disu1tide group in the nucleotide-peptide 

rather than a free sul£hydryl group. A disul.:fide derivative of coenz-yme 

A would be expected to show coenz,me A activity in this assay on1y a.:rter 

c1eavage to free coenzyme Ao This presumably occurred in the experi­

mental tubes containing a large excess ot c7steine cam.pared to the 

nucleotide-peptide by a sulf'hydry-1-disultide interchange reaction. 

La.ck of coenzyme A activity in the phosphotransacetyJ.ase assay system 

in the absence of added cysteine has previously been observed in the 
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studies of disulfide forms of coenz,me A (107). 

Presence of~ Glutathione Residue in the Nucleotide-Peptide 

The presence of a glutathione residue in the nucleotide-peptide was 

detected qualitatively by hydrogen sulfide reduction and electrophoresis 0 

The nucleotide-peptide was reduced by bubbling hydrogen sulfide through 

a solution of the nucleotide-peptide tor three hours at neutral pH 

(occasional adjustment of the pH to neutrality) and the excess hydrogen 

su1fide was removed by a stream of nitrogen after adjustment of the pH 

value to 2.50 The solution was l.yophilized and the residue was dis­

solved in a small volume of the electrophoretic buffer and subjected to 

electrophoresis in System 1 for 45 minutes at 80 volts per cmo After 

the paper had been sprayed with ninhydrin reagent A, a ninhydrin positive 

component which had the same mobility as standard glutathione was de­

tected as a reduction product of the nucleotide-peptide. This indicates 

that a g1utathione residue is reduotivel.y cleaved from the nucleotide­

peptide mo1ecu1e. Figure 9 shows the results of this experiment 0 

Comparati. ve Properties gt_ the Nucleotide-Peptide and SJ:nthetic CoASSG 

The results described above coupled with those previously reported 

by Wilken and Hansen (64) suggested that the bovine liver nucleotide­

peptide ndght be a mixed disulfide of coenzyme A and g1utathione, that 

is, CoASSG. Therefore, this compound was chemically synthesized in 

order to compare its properties with those ot the nucleotide-peptide 0 

The synthesis was conducted under conditions similar to those pre­

viously reported by Eldjarn and Pihl (214) for the preparation of a 

mixture of symmetrical and unsymmetrical disu1f'ides. 



Figure 9 

Presence of a Glutathione Residue in Nucleotide­

Peptide and in Synthetic CoASSG 

This figure represents a reproduction of' an e1ectrophoreto­

gram of the nucleotide-peptide and synthetic CoASSG a:fter reduction 

with hydrogen sulfideo GSH is shown to be produced f'ram each of' 

these preparationso Standard markers of GSH, GSSG, CoA and CoASSG 

are shown f'or reference purposes 0 Electrophoresis was conducted 

in System lo For details see texto 
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Oxidized glutathione and CoA were mixed in a 4:1 molar ratio in 

0. 05 M potassium phosphate pH 7. 5. The solution was placed in a water 

0 
bath at .'.35-.'.38 C and oxygen was slowl1' bubbled. through it for three 

hours. The CoASSG formed in such mixtures was purified by preparative 

pa.per chromatography in System 2, and electrophoresis in System 1. The 

CoASSG was detected by its ultraviolet absorption and by its reactiv.lty 

with ninhydrin. 

Electrophoretic and Chromatographic Mobilities. 

(a) E1ectrophoresis in System l (207). The nucleotide-peptide was 

spotted on acid washed Whatman No • .3 MM paper (see Methods) with a spot 

of synthetic CoASSG as marker and electrophoresised in System 1 (see 

Methods). The results showed that both the isolated nucleotide­

peptide and the synthetic CoASSG have the same mobility in this 

system (Table II). 

(b) Chromatographic mobilities. The isolated nucleotide-peptide and 

synthetic CoASOO were spotted on Whatma.n No. 1 paper and chroma.to­

graphed in Systems 2, 3, 4 and 5 (see Methods) for 15 hours with AMP, 

ADP and ATP as markers. Results showed that these two preparations 

have the same RAMP value in f'our different solvents (Table II) 0 

(c) Chromatographic mobility on a Dowex-1-formate resin column. Five 

micromoles of synthetic CoASSG were chromatographed. on a Dowex-1-

fonnate resin column (1. 8 x 47 cm). The column was eluted with 100 m1 

water, 1400 m1 4 M formic acid and 1,000 ml 0.2 M ammonium fonnate in 

4 M formic acid starting with 500 ml of water in a mixing fl.ask 0 Ten 

m1 fractions were collectedo Absorbance of' the tractions was measured 

at 260 mp.. The peak tube was found at fraction number 200 compared t,o 



TABLE II 

CCMPARATIVE PROPERrIES OF ISOLATED· NUCLEOl'IDE­
PEPI'IDE AND SINTHEI'IC CoASSG 

Ex:periment 

Mobility studies a 

M 
synthetic CoASSG in System 1 

R :AMP in System 2 
R :AMP in System 3 

RAMP in System 4 
R :AMP in System 5 

Isolated 
nucleotide-peptide 

1.00 

0.61 

0.?3 

Oo74 

Oo77 
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Synthetic 
CoASSG 

1.00 

0.61 

0.72 

0.74 

0.79 

pmoles/mnole adenosine 

Chemical. analyses 

Organic phosphorus 

Acid-1abi1e phosphorus 

Ninhydrin amino-equivalents 

Before hydrolysis 
b 

After hydrolysis 

C 
Enz:ymatic assays 

A. Initial rate or formation 
of GSSG on addition of 0.1 
J?lOle of the compound tested 
(m)lJD.o1es per min) 

B. GSSG formed per 0.05 pmole of 
compound tested ("µmoles) 

18 19 



a 
See 11Experimental Procedure" tor a description of the e1ectro-

phoretic and chromatographic systems used. M thetic CotSSG is the 
el.ectrophoretic mobility ot the compc,und test:ancempared. o-tbat ot 
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synthetic CoASSG. RAMP is the chromatographic mobility of the compolllld 
tested compared to that of AMP. 

b 
The ninhydrin amino-equivalents obtained by assaying hydrolysates 

of adenosine have been subtracted from the values shown, in an attempt 
to correct for acid breakdown products of the adenosine portion of 
CoASSG. The value of the correction for the experiment shown was 0.17 
µmole per µmole of adenosine. 

cThe enmymic assays were performed spectrophotom.etrically as de­
scribed in the second part of the "Results" under spectrophotometric 
assay. 
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fraction number 183 (peak) when the nucleotide-peptide was chromato­

graphed in the same system except that the canpound was part of a crude 

acid-soluble nucleotide mixture from bovine liver. This result showed 

that the synthetic CoASSG has approximate11' the same mobility as the 

isolated nucleotide-peptide in the described qstem. The small dis­

crepancy in mobility may have been due to a decrease in the effective 

capacity of the resin in the case in which the crude acid-so1ub1e 

nucleotide mixture was applied to the resin or to a smeJJ difference 

in the amount of resin used in the two experiments. 

Chemical Analysis 

(a) Ninhydrin amino equivalents. The number of ninhydrin amino equiva­

lents or the isolated nucleotide-peptide and the synthetic CoASSG were 

determined before and after acid hydrolysis using a quantitative nin­

hydrin colorometric analysis (213) (Table II). Glutamic acid was used 

as the standard (213). Before acid hydrozysis approximatel.y one mole 

of ninhydrin amino equivalent per mole of adenosine was observed in 

both the isolated nucleotide-peptide and the synthetic CoASSG 0 Arter 

acid hydrolysis (6 N HCl, no0
, 17 hours) this value increased to ap­

proximately 4.5 in both the isolated nucleotide-peptide and the syn­

thetic CoASSGo The latter value has been corrected for a small amount 

of ninhydrin positive acid breakdown products arising from the adenosine 

portion or CoASSG and the nucleotide-peptide. 

(b) Organic phosphorus, acid-labile phosphorus, and inorganic pbosphoruso 

Organic phosphorus, acid labile phosphorus, and inorganic phosphorus in 

both the nucleotide-peptide and synthetic CoASSG were determined by the 

Fisk and SubbaRow procedure (212). The results (Table II) showed that 
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the nucleotide-peptide and synthetic CoASSG contained three moles of 

organic phosphorus per mole of adenosine. Only 0.3 mole of ten minute 

acid-labile phosphorus per mole of' base was present. No inorganic 

phosphorus was observed in either preparation. 

(c) Amino acid composition. The amino acid composition of' the nucleotide­

peptide and CoASSG were compared by paper chromatography of acid hydroly­

sates. Samples of each compound, after chromatography in System 2 as 

the final purification step, were treated with pertormic acid for f'our 

hours at o0 (215) followed by removal of the excess reagent in a vacuum. 

The dried samples were hydrofy'zed in triple distilled constant boiling 

hydrochloric acid in a vacuum at ll0° for 17 to 20 hours and chromato­

graphed in two d:unensions as described previously (64). The separated 

amino acid components were detected with ninhydrin reagent B. The 

results are shown in Figure 10. Both the nucleotide-peptide and the 

synthetic CoASSG gave the same amino acid components, namely, cysteic 

acid, taurine, glycine, glutamic acid and }3-alanine. The unidentified 

ninhydrin reactive component was observed in both the synthetic CoASSG 

and the isolated nucleotide-peptideo As mentioned in the 11Introduction" 

chapter, Okuhara and Hansen (65) indicated that this unidentified com­

ponent was not observed in their resu1ts. In repeated experiments, a 

sample of synthetic CoASSG or isolated nucleotide-peptide, after electro­

phoresis in System 1 as the final purification step, was hydro~ed and 

chromatographed as described above. No unidentified component was found 

after spraying the paper with ninhydrin reagent B. In another experi-

ment a preparation of synthetic CoASSG purified by electrophoresis in 

System 1 which did not contain the unidentified component yielded the 

unidentified component when it was subsequentq cbromatographed in 



Figure 10 

Chromatography of the Amino Acids Obtained from 

Hydrolysates of the Isolated Nucleotide­

Peptide and Synthetic CoASSG 

Isolated nucleotide- peptide or synthetic CoASSG was purifi ed 

by System 2 chromatography (Method.a) and hydro~ed in t r i pzy 

dist illed const ant boiling hydrochloric acid in vacuum at ll0° 

£or 17 to 20 hours and chromatographed in two dimensions o For 

details see t exto 
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System 2 prior to hydrolysis. The unidentified component previously 

reported (64) is, therefore, an artifact which appears in preparations 

of CoASSG purified by chromatography in S7stem 2. 
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(d) Enzymic assay. The enz1JD8,tic assays reported in Table II were 

performed with a DFAE column purified preparation or glutathione-CoASSG 

transhydrogenase from bovine kidney which will be described in the 

second section of' this chapter. The assay was performed spectrophoto-

metrically (see Assay of GSH-CoASSG Transhydrogenase). The enzy-

matic assay is based on the formation of GSSG which is subsequently 

reduced to GSH by TPNHand glutathione reductase. The initial rate of 

formation of GSSG on addition of 0.1 micromole of isolated nucleotide­

peptide or synthetic CoASSG was the same (Table II). The number of 

micromoles o.f GSSG formed from o.o; micromole of nucleotide-peptide 

or CoASSG varied within a limited range, but was approximately 0.05 

micromoles. The variation was probably due to experimental error 

caused by the oxidation of GSH by atmospheric oxygen during the enzy­

matic assay. The results indicate that tor every mole of' CoASSG 

utilized one mole of GSSG is formed. 

The results reported above led to the conclusion that the bovine 

liver nucleotide-peptide previously reported by Wilken and Hansen is 

the mixed disulfide of' coenz1111e A and glutathione which has the struc­

tural .fonnula shown in Figure ll. 

Assay, Purification and Properties of Glutathione-CoASOO Transhydrogenase 

Assay o.f GSH-CoASSG Transhydrogenase 

Two methods for measuring the reaction rate catalymed by GSH-
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Figure 11 

Structure of the Unsymmetrical Disul.fide o:f 

Glutathione and Coenzyme A 
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CoASSG transhydrogenase were used depending upon the particular techni­

cal requirements of different experiments. 

Spectrophotometric Assay. Glutathione-CoASSG transhydrogenase 

catalyzes the sulfhydry-1-disulfide interchange shown in equation 490 

GSH:CoASSG Transhydrogenase 

CoASSG + GSH -,--' CoASH + GSSG 

Glutathione Reduotase 

+ + GSSG + TPNH + H ~2GSH + TPN 

(49) 

(50) 

In the standard spectrophotometric assay, reaction 49 is coupled 

to the glutathione reduotase assay f'or GSSG. The latter reaction is 

shown as reaction 50. Thus the rate of' formation of' GSSG in reaction 

49 may be followed by measuring the decrease in absorption of' TPNH at 

340 mp as the reaction proceeds. The decrease in absorbs.nee at 340 mµ 

was followed in a Beckman DB spectrophotometer. Table III gives in 

detail the contents of' the standard assay reaction mixture. 

In the spectrophotometric assay the rate of' change of' absorbance 

is a function of' f'ive variables including the GSH-CoASSG transhydrogenase 

catalyzed reaction. Therefore, appropriate controls to correct for the 

other sources ot absorbance change were necessary. The other variab1es 

which influenced the reaction rate measurements were: (a) the presence 

of' approximatel:y one percent GSSG in the camneroial GSH used (except 

where GSH purified as described in "Methods" was used), (b) the direct 

air oxidation of' GSH to GSSG during reaction velocity measurements, 

(c) the nonenzymatic sulfhydryl-disulf'ide exchange reaction between 
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TABLE III 

STANDARD SPECTROPHOl'CMEI'RIC GSH-CoASSG 
TRANSHYDROOENASE ASSAY CCMPONmTS 

Reagent 

1.0 M potassium phosphate 
pH 7.6 

1 percent bov.1.ne serum 
albumin in Oo1 M potassium 
phosphate pH 7.6 

1 mM TPNH in 10-4 M KOH 

a G1utathione reductase 

GSH-CoASSG transhydrogenase 

10 mM CoASSGb 

50 mM GSHb 

Waterc 

Vo1ume 

0.2 

0.1 

0.1 

0.1 

Varies 

0.01 

0.01 

to 1 m1 

Fina1 concentration 

210 ~ 

d 
0.105 percent 

0.1 mM 

0.194 units 

Varies 

8Tbe amount of' g1utathione reductase used shou1d cause a change in 
340 mµ absorbance of 1.2 ± 10 percent per minute (about 0.2 units) when 
assayed in the following assay mixture: 60 µM potassium phosphate pH 
706, Oo1 percent bovine serum albumin, 0.1 m'M TPNH, 0.1 mM GSSG and g1uta-­
thi.one reductase dissolved in 0.05 percent bovine serum a1bumin :in a 
final volume of' one ml.. GSSG is added last to initiate the reactiono 

bEither CoASSG or GSH was added 1ast to initiate the reactiono The 
effect of' addition sequence of' CoASSG and GSH is discussed in the text 0 

cUsua1l.y water was the f'irst reagent added into the cuvette. 

d.rhe apparent discrepancy in the f'ina1 concentration of phosphate 
and BSA is due to the fact that am.a] J amounts of' these two compounds 
were added wi.th other reagents. 
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the substrates shown in equation 49 above and (d) the direct reduction 

of CoASSG by the commercial preparation of glutatbione reductase. The 

relative contribution of two of these factors (b and c) was markedly 

influenced by pH. At the pH used in the standard assay (7 06), or below 

this pH, the contribution to the change in absorbance due to these two 

factors was negligible and could be ignored. At pH values higher than 

pH 7 .6 or a concentration of GSH considerab:cy higher than that used in 

the standard spectrophotometric assay these two factors could not be 

ignored. Figure 12 shows that the contribution of variabl.e (d) to the 

rate of change of absorbanoe (~) could be decreased without appreciabJ.y 

affecting the GSH-CoASSG transhydrogenase contribution (R2-\) by in­

creasing the phosphate concentration of the assay mixture to 0.2 M0 

At lower concentrations of phosphate than the lowest shown in Figure 

12 the contribution by variabl.e (d) was ccnsiderably greater than that 

shown in Figure 12. 

Different control assays were required depending on the order of 

addition of GSH and CoASSG to the reaction mixture. In the assay most 

commonly used, particularly during the enz,me fractionation experiment, 

CoASSG and GSH were added last and in that order. Prior to adding GSH 

the change in absorption was recorded for approximately 1.5 minutes to 

correct for the contribution of variable (d) listed above. The dif­

ference between this rate and the rate observed after GSH was added 

was taken as the GSH-CoASSG transhydrogenase contribution to the over­

all reaction rate (see Fig. l3A). Small contributions due to the 

variables (a), (b) and (c) could be corrected for by conducting an 

identical assay except in the absence of GSH-CoASSG transhydrogenase. 

During the fractionation of the enzyme these small contributions to the 



Figure 12 

Ef'fect of Inorganic Phosphate Concentration on the Reaction 

Rates in the Spectrophotometric Assay of GSH-CoASSG 

Transhydrogenase and Glutathione Reductase 

The reaction rates of the glutathione reductase catal~ed 

reduction of CoASSG is shown as R:J_ o The total reaction rate in 

the coupled system of GSH-CoASSG transhydrogenase and glutathione 

reductase is shown as R
2

• The net rate of the GSH-CoASSG trans­

hydrogenase catalyzed reaction is shown as R2-i,_ o For additional 

detail.a see texto 
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over-all rate were ignored. The addition of GSH prior to the addition 

of CoASSG had the advantage that smal l amounts of GSSG in the GSH were 

converted to GSH prior to the measurement of the GSH-CoASSG transhydrogenase 

catalyzed reaction. 

variable (a) above. 

This effectively removed any contribution due to 

Contributions from variables (b), (c) and (d) were 

corrected for by conducting a single identical assay, except that no 

GSH-CoASSG transhydrogenase was addedo The value in this nonenzymatic 

control assay was subtracted fran the enz,matic assay described to obtain 

the .final change in absorbance due to the GSH-CoASSG transhydrogenase 

reaction (Fig. 13B and C). 

El.ectrophoretic Assay. Since the spectrophotometric assay cou1d 

not be reaclily adapted to some of the experiments conducted, an assay 

system depending on the separation of the reaction products by electro­

phoresis was devised. The reactants shown in Table IV were pipetted 

into a depression o.f a spot plate in a constant temperature water bath, 

... and kept in three individual drops. A mixture of CoASSG, buffer and 

water was in one drop while the GSH and enz,me were in separate dropso 

CoASSG, water, buffer, and GSH were mixed by a small stirring rod first 

and after .five seconds the enm1]D.e solution was also mixed ino The 

actual timing of the experiment was started when the enzyme was mixed 

with other reagents to make a complete reaction mixture. The reaction 

was stopped after a suitable time by adding a measured amount ( usually 

20 µ1) of acid electrophoresis buffer (see Methods) 0 An aliquot of 

lmown size ( usually 30 µ1) was spotted on a piece of Whatman 3 MM paper 

(acid washed) and electrophorised 1n System lat ao volts per cm £or 

30 minutes. CoASSG spots (or occasionally CoA) were cut £ran the paper 



Figure l3 

Example of Spectrophotometric Assay 

A) The trace of the reaction shown was obtained by do:ing a standard 

spectrophotometric assay (Table III) in which Ool pmole of CoASSG was 

added at point 1. The reaction was allowed to proceed for one minute 

and then 0.5 µmole of GSH was added at point 2o The difference in 

reaction rates R
2 

and 1\ is the net rate of CoASSG cleavage catalyzed 

by GSH-CoASSG transhydrogenase. 

B) The reaction was conducted in the same manner as in (A) except 

that the order of addition of GSH and CoASSG was reversed, that is, 

GSH was added at point l and CoASSG was added at point 2. 

C) The reaction was conducted as in (B) except that no GSH-CoASSG 

transhydrogenase was added to the reaction mixture. 

Reaction rate R
4 

in (C) subtracted from reaction rate ~ in (B) 

yields the net rate of CoASOO cleavage catalyzed by GSH-CoASSG trans­

hydrogenase. The dashed lines (- - - -) represent extrapolations or 

the linear portions of the curves fran which the reaction rates were 

obtained. For details see text. 
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TABLE IV 

ELECTROPHOREI'IC ASSAY FOR ACTIVITY OF 
GSH-CoASSH TRANSHYDROGENASE 

79 

Reagent Volume Fina1 concentration 

Premixture containing 
CoASSG8 

50 mM GSH 

Transhydrogenase 

12 

6 

2 

3 

15 

Varies 

'rhe premixture contained 0.6 pmole CoASSG, 10 pmole potassium 
phosphate and varing amount of KOH depending on final pH desiredo 
Fina1 volume 120 µl. In later experiments it was found better to use 
l M tris buff' er of' the appropriate pH in place of' potassium phosphate 
and KOH. The technical details of the procedure are described in the 
text. 
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and eluted with water and the final volume was adjusted with water to 

one ml. The absorbance at 260 mµ was measured. The initial reaction 

rate was calculated in tem.s of the change in A260/min. An assay without 

the transhydrogenase was required to correct for the nonenzymatic rate 0 

Figure 14 shows an example of the time course of the electrophoretic 

assay. 

Tissue Distribution of GSH-CoASSG Transh:ydrogenase Activity 

Different tissues f'ran a freshly sacrificed rat were minced by 

passing them through a stain1ess steel mincer and then homogenized in a 

micro-Waring Blendor with two volumes of water or 0.1 M potassium phos­

phate buffer pH 7. 6, and finally centrifuged at 20,000 g for 30 minutes 0 

The supernatant solutions were assayed for GSH-CoASSG transhydrogenase 

activity by the spectrophotometric assay. Table V shows the distribu­

tion o:r enzyme activity in different rat tissues. The enz,me is widely 

distributed in different tissues, the highest activity being :round in 

the pancreas and brain while only low activity was observed in muscle 

and heart. Liver, lung and kidney contained intermediate amounts of 

the enzyme. 

Enzyme Fractionation 

Bovine kidney fran freshly slaughtered arrlJ:nals was obtained from 

a local abattoir. The whole kidney was kept in ice for transportation 

to the laboratory. The outter membrane and the inner white connective 

and fatty tissues of the kidney were removed. The cortex and part of' 

the medulla (400 g) were homogenized approximately two minutes in a 

Waring Blender with two volumes of water and centrifuged at 14,000 x g 



Figure 14 

Example of an Electrophoretic Assay of GSH-CoASSG Transhydrogenase 

The time course of the reaction was obtained by plotting the 

260 mp. absorbance due to CoASSG disappearance ( 0 ) or CoASH f'onna­

tion ( •) after different times of incubation of a complete reaction 

mixture. The nonenzymatic disappearance of CoASSG ( g) is also 

shown. For details see text and Table IV. 
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Ti.ssue 

Pancreas 

Brain 

Liver 

Kidney 

Lung 

Muscle 

Heart 

TABLE V 

DISTRIBUTION OF GLt11'ATHIONE-CoASSG TRANSHYDROGENASE 
ACTIVITY IN RAT TISSUES 

Specific Activity 

a 
EKperi.ment 1 Experimentb 

µmole CoASSG c1eavedc/min/mg protein 

28.0 8.7 

1406 l.4..8 

9.1 6.2 

5o4 4o9 

5.2 .3o.3 

4o5 1o3 

2.9 2.0 
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2 

ain this experiment two volumes of 0.2 M potassium phosphate buf­
fer pH 7. 6 -were used to extract the tissue. 

b In this experiment two volumes of water were used to extract the 
tissue. 

C 
The spectrophotometric assay described. in the text was used :in 

these experiments. 



for 30 minutes. The supernatant .solution was heated to 58° in an 80° 

water bath in 200 m1 portions contained in a two liter stain1ess steel 

beaker. During the heating period the beaker was subjected to a 

swirling motion to avoid local heating. The mixture 

was kept at 58° for one minute in a 58° water bath and then was rapidly 
0 

chilled in an ice bath to 5 • The combined tractions from the heat 

step were centrifuged at 14,000 x g for 30 minutes. The supernatant 

solution was fractionated by adding solid ammonium sulfate with mechani­

cal. stirring to 40 percent saturation (226 g/L, 216) and equilibrated 

for 10 minutes. The mixture was centrifuged at 14,000 x g for 30 

minutes. The supernatant solution was slowly (approximately 20 minutes) 

taken to saturation with ammonium sulfate (418 g/L) and stirred tor 

10 minutes after the last ammonium sulfate addition •. The mixture .was 

centrifuged as above. The supernatant solution was removed tram the 

precipitate as ccmpletely as possible by decantation and by al.J.owing 

centrifuge bottl.es to drain while in an inverted position. The pre­

cipitate obtained was dissolved in water to a volume of 200 ml and then 

fractionated with acetone. The acetone step was done in a stainless steel 

beaker mounted over a magnetic stirrer and sitting in an acetone bath 

whose temperature could be adjusted b7 the addition of dry ice. 
0 

Acetone at -15 was delivered into the beaker containing the enzyme 

sol.ution as a stream directed at the side of the beaker. The solution 

inside the beaker was stirred b7 a magnetic stirring bar to avoid a 

high local concentration of acetone. The cooling bath temperature was 

decreased during the addition of acetone tran o0 to approximately 10° 
0 

to 15 bel.ow zero but not so rapidly- as to cause the enzyme solution 

to freeze in the beaker. Upon reaching 58 percent acetone, the solution 
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was equilibrated for 10 minutes and then centrifuged at 7,000 x g for 

one minute at -1.0°. The clear yellow supernatant solution was adjusted 

0 0 to 90 percent acetone at 15 to 20 below zero. After the addition of 

the acetone, the solution was equilibr~ted for 10 mmutes and then 

centrifuged at 7,000 x g for one minute at -10°. The precipitate ob­

tained was dissolved in a small volume (about 40 ml) of water and was 

dialyzed against two to three one-liter changes distilled water for 

five to twel.ve hours. The dialysate was then concentrated by l.yophiliza­

tion to about 1.0 ml.. The concentrated enzyme solution was centrifuged 

to remove any insoluble material and then chromatographed on a DEAE cellulose 

( 50 x 1.8 cm) oolumn previously equilibrated with phosphate buffer (Methods)• 

The column was el.uted by a linear gradient (224) in which one liter of 

0.005 M potassium phosphate buffer pH 7.6 was placed in the mixing 

chamber and one liter of 0.2 M potassium phosphate buffer pH 7 .6 was 

placed in the reservoir. Five ml fractions were collected. The 

fractions containing protein were located by measuring the 280 mµ 

absorbance of each fraction (225). The GSH-CoASSG transhydrogenase 

activity was located by assaying aliquots of the fractions by using the 

spectrophotometric assay method. The eniymatic activity was found 

under the first protein peak (Fig. 15). The tractions containing 

enzyme were pooled and then divided into several tubes for storage 

at -10° until used. 

Starting from the centrifuged crude kidney homogenate, aliquots 

from each step of the fractionation procedure were assayed for enzymatic 

activ.Lty and protein content (218). Table VI shows the results o:r a 

typical purification of the enzyme starting with 400 grams or tissue o 

In several earl.y enzJme preparations, the protein content or each 



Figure 15 

Purification of GSH-CoASSG Transhydrogenase on DFAE Cellulose 

Only the early portion of the protein elution pattern which 

contained the GSH-CoASSG tranehydrogenase is showno Most of the 

protein applied to the column was retained on the column. The 

protein content of each fraction was dete:nnined by its 280 mµ 

absorbance ( • - •) • The enzyme activity in the fractions were 

assayed spectrophotQJnetrically ( O- -0 ) • 
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fraction was measured by a biuret method (226) through the acetone step. 

Then the 280/260 mp absorbance method (225) was used for quantitation 

of protein eluted from the DFAE column because ot its greater sensi­

tivity. Later it was observed that the biuret and 280/260 methods 

agreed poorq using DFAE purified enz,me. Therefore, Lawry's method 

was used throughout the purification in subsequent preparations of 

the enz1Jlle. Only the results obtained with this method are presentedo 

Further purification steps which were tried including starch gel 

electrophoresis, chromatography on CM-cellulose and phospho-ce11ulose 

columns were unsuccessful.. 

Validity of Assay with DFAE-Purified Enzyme 

Figure 16 shows that the formation of GSSG as a f',mction of time 

was linear for approximatel:y one minute at severa1 enzyme concentrations 

tested. Figure 17 shows that the rate of the reaction was linear with 

protein concentration over the range tested. 

Products of the Reaction 

The electrophoretic assay was used to identity the products of 

the enzymatic c1eavage of CoASSG in the presence of' GSH. Fifty mpmo1es 

of CoASSG was allowed to react tor three minutes with 250 mµmoles of_ 

GSH in the presence of 3.2 x 10-3 units of GSH-CoASSG tra.nshydrogenase 

and subjected to e1ectrophoresis in System l (Methods). Figure 18 

shows the products of the enz-ymatic reaction. It also shows that no 

product was formed in a nonenz,ma,tic control experiment. Appropriate 

standard markers are also shown. In the complete enzymatic reaction 

mixture, on1y unreacted GSH and CoASSG as well as the products 
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TABLE VI 

FRACTIONATICN OF GSH-CoASSG TRANSHYDROOENASE8-

Treatment Total Total Specific Purifica- Recovery 
activity protein activity tion 

unitsb units/mg 

Crude 
extract 670 24,000 0.028 1.0 100 

Heat 360 14,300 0.025 0.9 53.6 

Ammonium 
sulfate 
40-100% 365 8,850 0.041 1.48 54.3 

Acetone 
58-90% 68.7 47.9 1.435 51.5 10.2 

DEAE 29.5 5.7 5.1.3 184.0 4.4 

&.rbe data shown represent a typical purif'ication starting from 
400 gm of bovine kidney. 

b 
The number of' units was determined using a spectrophotometric assay 

described in the text and expressed in micromoles of substrate reacted/ 
min. 



Figure 16 

Time Course of the GSH-CoASSG Transhydrogenase 

Catalyzed GSSG Formation 

The spectrophotometric assay was used em.ploying enzyme puri­

fied th:rc,ugh DEAE column chromatography ( see text) • The as say 

was conducted in the presence of 10, ( 0 ) ; 30, ( e ) ; and 50, 

( (t) ug of transhydrogenase as described in the legend of 

Figure 13A. 
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Figure 17 

Linearity of the Initial Reaction Velocity with the 

Concentration of GSH-CoASSG Transhydrogenaee 

The spectrophotometric assay was used with enzyme purified 

by DEAE column chromatography (see text). The assay was conducted 

as described in Figure l3A. 
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Figure 18 

El.ectrophoretic Separation of the Products of 

the GSH-CoASSG Transhydrogenase Reaction 

The complete reaction mixture contained 50 mµmoles of CoASSG, 

250 mpmoles of GSH and .3.2 x 10-.3 units of GSH-CoASSG transhydro­

genase (determined by a spectrophotometric assay) in 0.05 Min­

organic phosphate pH 7.0. The final volume was 15 µl. The 
0 

reaction mixture was incubated at 25 for three minutes and then 

20 µl of acid electrophoresis buffer (Methods) was added to stop 

the reaction. The mixture was separated by electrophoresis in 

System 1 (Methods). The nonenzymatic control contained the same 

components as the canplete syatem except that no enzyme was added. 

The mobility of the reactants (nonenzymatic control) and products 

(canplete reaction mixture) are shown as well as the mobilities 

of standard CoA, CoASSG, GSH and GSSG. 
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coenzyme A and oxidized glutathione were detected. 

Stoichiometry 

Figure 14 shows the disappearance of CoASSG and the appearance of 

an equivalent amount of coenzyme A as a function of time in an electro­

phoretic assay. In addition it verifies the earlier canclusicn that 

the nonenzymic reaction between GSH and CoASSG is slow compared to the 

enzymatic reaction. S:ince one mole of GSSG (Table II) and one mole of 

CoA is formed per mole of CoASSG cleaved, the data suggest that equal 

amounts of reactants react to form equal amounts of products. 

Equilibrium Constant 

The final concentrations of the· reactants and products of an incu­

bation mixture at equilibrium-have not been determined. Th·e equilibrium 

constant for the reaction can be estimated, however, from the data ob­

tained from the reaction mixtures as shown in Figure 14 in conjuncticn 

with the assumption that one to one stoichiometry occurs in the reaction° 

After correcting the data tor background absorbance eluted tram the 

electrophoresis paper, it was calculated that nearly 80 percent of the 

CoASSG was consumed in the reaotion·mixture described in Figure 140 
0 

The estimated equilibrium constant at pH 6.9 and 25 , therefore, is 

apprOJdJnately unity. 

Reversibility 

Although the reversibility of the enzJme catalyzed reaction has 

not been studied in detail reversibility has been demonstrated. 
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Figure 19 shows the disappearance of coenzyme A and appearance of' CoASSG 

during the incubation of CoA and GSSG in the presence of enz,me. Little 

or no nonenzymatic reaction occurred in the same time period. The experi­

ment was conducted in a manner similar to the usual electrophoretic assay 

except that CoA (0.76 JlDlOles) and GSSG (l pmole) were substituted for 

CoASSG and GSH, respectively. The incubation was conducted at pH 6.7 

and 25° in the presence of 35 x 10-3 units of enzJDle as determined by 

the spectrophotometric assay. 

Specificity 

The DEAE purified bovine kidne7 GSH-CoASOO tran"hydrogenase prepa­

ration was f'ound to tom GSSG when several s,mmetrical or unsymmetrical 

disulfides were substituted tor CoASSG. In these experiments, 0.1 

micromole of several disultides were tested in the spectrophotometric 

assay system, and the results were compared to those obtained with Ool 

micromole of' CoASSG. The results showed that CoASSG and most of the 

disu1£ides having a glutathione moiety are the best substrates (Table 

VII). Although it was shown in experiment 2 that TSSG and PSSG gave 

a slightly higher initial rate than CoASSG, the actual assay showed 

that when these two latter disultides were tested curvature toward a 

slower reaction rate was observed sooner than when CoASSG was used as 

substrate. 

In order to find out whether the activity observed with other 

disulf'ides was due to a single enzyme or due to several enzymes with 

similar catalytic activities a heat denaturation experiment was per­

formed. A DEAE purified enzyme preparation was heated at 80° for dif­

ferent lengths ot time and the heated enzyme was assayed spectrophoto-



Figure 19 

Reversibility of the GSH-CoASSG Transhydrogenaee Catalyzed Reaction 

The reaction was followed by using a modified electrophoretic 

assay as described in the text. The appearance of CoASSG ( O ) or 

disappearance of CoASH ( Q ) in the presence of enzyme are shown as 

a function of time. A nonenzymatic CoASH disappearance ( • ) is 

also shown. 
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TABLE VII 

GSH-CoASSG TRANSHYDROOENASE DISULFIDE SPECIFICITY 

a Disulfides teated .Enm:vme sources 

94 

Purified enzyme Crude kidney extract 

b 
Experiment l 

CoASSG 

Cystine 

Homocystine 

Lipoic acid 

Pantothine 

LyaozJme 

Insulin 

RNase 

Experiment 2b 

CoASSG 

PSSG 

TSSG 

Cystine 

Homocystine 

CoASSC 

Pantothine 

CoASSCoA 
b Experiment 3 

CoASSG 

100 

;4 

16 

0 

18 

-
l 

3 

100 

115 

105 

64 

11 

27 

13 

;< i· 

2.5 

100 

percent aotivitz 

100 

14 

15 

s 
... 

16 

8 

l 

---



95 

TABLE VII (CONTDJUED) 

Disu1fidesa tested Fnm:,m.e sources 

Purified enm,me Crude kidne7 extract 

CSSG 

HSSG 

CSST 

98 

9 

19 

percent activity 

8The change in absorbance per minute at 340 mµ observed with CoASSG 
was 0.087 in experiment 1, 0.157 in experiment 2, and 0.143 in experiment 
3. In the remaining assays, the indicated disulfide was substituted for 
CoASSG in an otherwise standard spectrophotometric aesa7· as described 
in lhe text. Each disulfide was tested at a final concentration or 
10- M. A dash (-) indicates not assqed. See text, for a further 
discussion of the activities tound with TSSG and PSSG. See page l for 
a list of abbreviations ot the compounds tound in this table. 

bThree different preparations ot DFAE-purified GSH-CoASSG trans­
hydrogenase were used in experiments l., 2., and 3., respectively. 
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metrically using different disulfides as substrate. Figure 20 shows the 

results expressed as the percent of the initial activity remaining after 

heating the enzyme tor different lengths of time. The results show that 

of those disul.fides tested the same rate of deactivation or the enz,me 

was obtained when the residual activity obtained with those uns}'DDlletri­

ca1 disulfides containing a glutathione moiety (and also PSSP) were 

compared to the deactivation rate with CoASSG. The deactivation rates 

obtained with CSSC and HSSH were different tram that obtained with 

CoASSG as substrate. These results indicate that in this enzyme 

preparation the activity obtained with PSSP and those disullides which 

contain a glutathione moiety may be due to a single enzyme. The activity 

obtained with cystine and hamocystine may be due to contaminating enmJmeS 

in the GSH-CoASSG transhydrogenase preparation. 

35 
__§_ Qfil!-9:§§.9: Exchange Reaction Catal.ymed l2z 9§11-CoASSG Transh.ydrogenase 

Glutathione labeled with 35s (0.25 JlDlOle) was mixed with 0.25 pmo1e 

of unlabeled GSSG in the presence of 0.01 units of GSH:CoASSG trans­

hydrogenase and 10 µmoles of phosphate butter. The final volume was 

0.1 m1 and the pH was 7.0. The mixture was incubated. at 25° C for 30 

minutes. Twenty µl of the acid electrophoresis butter (System 1, see 

Methods) was added. The acidified reaction mixture was subjected to 

electrophoresis in System l on Whatman 3 MM paper. The distribution 

of isotope between GSH and GSSG was detected by a strip counter and 

compared to the distribution ot isotope observed in s1rn1la:r experiments 

conducted at pH 7 .o or pH 2.0 except that no GSH-CoASSG transhydrogenase 

was added. Figure 21 depicts the qualitative results. No isotope re­

distribution was observed when 35s GSH and GSSG were incubated at 



Figure 20 

Percent Enzyme Activity Remaining with Different Substrates for 

GSH-CoASSG Transhydrogenase after Partial Heat Deactivation 

0 
The enzyme was heated at 80 for the time period indicatedo 

Twenty ug of the heated enz1Jlle were assayed spectrophotometrically 

using CoASSG, ( 0 ) ; TSSG, ( t) ) ; PSSG, ( () ) ; pantothine, ( e ) ; 

cystine, ( <ii ) or homocystine ( e ) as substrate. Abbreviations 

of the uns:ymmetrical disulfides are given on page 1. 
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Figure 21 

The Distribution of 35s Between GSH and GSSG in the 

GSH-GSSG Ehtchange Reaction Catal;ymed by 

GSH-CoASSG Transhyclrogenase 

The reaction was started with equal amounts ot 35s GSH and 

unlabeled GSSG. A and B show results ot nonenm111&tic experiments. 

Resu1ts shown in C were obtained from an enzymatic experiment. 

The reactions were conducted at the indicated pH value. other 

experimental details are presented in the text. 



;>,t 
E-t ...., 
> ...., 
E-t 
u 
d ...., 
A 
< a: 

A 
pH 2. 0 
without Enzyme 

B 
pH 6. 9 
without Enzyme 

C 
pH 6. 9 
with Enzyme 

~u) 

\0 
co 



99 

pH 2.0 and about equal radioactivity was distributed in both fonns of 

the gl.utathione in a nonenzJDl&tic experiment at neutra1 pH. In contrast, 

35 
a l.arger portion of radioactivity was found in GSSG when S GSH and 

GSSG were incubated in the presence ot the enzJme at neutral pH. 

The experiment described above was followed by a more quantitative 

experiment. Fqual amounts of 35s GSH and unlabeled GSSG were incubated 

as described in the l.egend of Figure 22. Glutathione and GSSG were 

separated after varying times of reaction by electrophoresis in System 

l.. The separated compounds were detected by ~rin reagent A. The 

paper containing the compounds was cut out and placed in counting vials 

and the purple color was decolorized as described in "Methods." Ten ml 

of scintillation fluid (Methods) was added to each vial and counted in 

a liquid scintillation counter (Packard 314 A). Figure 22 shows that 

in the first minute the GSH-CoASSG tranehydrogenase accelerated the 

initial rate of isotope exchange between GSH and GSSG appraximately' 

.3 • 6 times compared to a nonenzJm&tic control experiment. 

l2!! Optimum 

The standard. electrophoretic assq was used in the studies of the 

pH optimum of GSH-CoASSG transhydrogenase because a wider range of pH 

cou1d be more readi4" studied than if the spectrophotometric assay 

system were used. The pH value of the reaction mixture was adjusted 

with l. M KQH and measured with a Coleman micro electrode (Coleman 3-6ll, 

216). The reaction was stopped after 10, 20 and 30 seconds. Aliquots 

of each of the acidified reaction mixtures were separated by electro­

phoresis in System 1 (Methods). The CoASSG spots .were cut fran the 

paper and e1uted in one ml of H
2
o. The 260 mµ absorbance fram each 



Figure 22 

Time Course of the Isotope Exchange Between 35s GSH and 

GSSG Catalyzed by GSH-CoASSG Transhydrogenase 

The reaction mixture contained 10 micromoles of potassium phos­

phate buffer pH 7.6, 1.5 micromolea of unlabeled GSSG, 1.5 micro­

moles of 35s GSH (containing 0.021 microcuries per micromole) and 

7 .4 x 1.0-3 units of DFAE-column purified GSH-CoASOO transhydrogenase 

in a final volume or 0.1 ml. At various time intervals 10 micro­

liter aliquots or enzymatic ( 0 or e ) or nonenzyma.tic ( e or 

i) ) incubation mixtures were added to 20 microliters of System 1 

electrophoresis buffer (Methods) to stop further sul£hydryl-disulfide 

interchange from occurring. The GSH and GSSG were separated by 

electrophoresis and counted. 35s GSSG tonnation is indicated in 

Figure 22A and 35s GSH disappearance is indicated in Figure 22B. 

Additiona1 details are presented in the text. 
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spot was measured. 

Figure 23A shows the enz,matic and the nonenz1Jll8,tic pl.us enzl'Jll&tic 

rate of disappearance of CoASSG at various pH values. Figure 23B shows 

the activity as a function of pH constructed from the data in Figure 23A. 

In Figure 23B the pH curve for the enz1JDS,tic reaction has been corrected 

tor any nonenmJ1D8,tic contribution. The nonenzJm&tio reaction does not 

proceed rapidly at a pH value of 7.6 or below; however., it is rapid at 

pH 8.2 and above. Al.though the pH optimum of the enzyme catal.1'Zed 

reaction is about 8.2 a significant amount of activity remains at lower 

pH values where little or no nonenz1JD&tic interchange occurs. 

Mo1ecular Weight 

Whitaker (227) reported that an excellent linear correlation 

between the logarithm of molecular weight of a protein and the ratio 

of' its el.ution volume, V, to the void volume V of the column was 
0 

found for Sephadex G-100. This technique was adopted tor the determina-

tion of' the molecular weight of glutathione-CoASSG transhydrogenase. 

Sephadex G-100 beads were allowed to thoroughly swell in 0. 1 M 

potassium phosphate pH 7 .6 containing 0.001 M EDTA tor several days 

in the cold room. The tine particles ot the beads were removed by 

decantation three times. The beads were packed in a column (1.35 x 

100 cm) with 0.1 M potassium phosphate pH 7.6. The column was washed 

by the same but.fer for three more days 1n the cold under a constant 

hydrostatic pressure on top of the column so that the whole column 

could be uniforml.7 packed without furl;her shrinking or swelling~ 

Five mg each of cytochrome c, egg albumin and bovine serum 

al.bum.in were dissolved in 0.5 ml or 0.2 M potassium phosphate buffer 



Figure 23 

Effect ot pH on the Rate of the Nonenzymatic and the GSH-CoASSG 

Transhydrogenase Catalyzed Cleavage of CoASSG 

A) The nonenzymatic reaction ( o ) and the reaction in the presence 

of enzyme (•)were assayed using the electrophoretic assay de­

scribed. in Table II. 

B) The initial reaction rates obtained in part A have been con­

verted to mpm.oles ot CoASSG disappearing per minute and plotted 

versus pH. The rate obtained in the absence of enzyme was sub­

tracted from the rate obtained in the presence ot enzyme to obtain 

the net rate due to the presence of enzyme. The nonenzymatic pH 

curve is shown as closed circles ( • ) and the enzymatic pH curve 

is shown as open circles ( 0 ) • The enzymatic pH curve shown as 

a mixed character ( Q ) was obtained in a separate exper:unent not 

shown in part A. 
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pH 7 .6 which contained 0.0178 units of DFAE purified GSH-CoASSG trans­

hydrogenase. Then, 0.5 ml of concentrated catalase solution (10 ml o:f 

one mg/ml. catalase was concentrated to one ml using Biodriex, then 

centrifuged) was added to the mixture. The mixture was applied to the 

c olwnn and was eluted with O .1 M potassium phosphate butter pH 7. 6 o 

One m1 :fractions were collected. The position of elution of each of 

the proteins was detected by measuring the absorbance of each :fraction 

at 280 mp.. Figure 24A shows the elution pattern obtainedo The GSH­

CoASSG transhydrogenase activity was detected 'bJ' the spectrophoto­

metric assay and was found mainly together with cytochrome c. Figure 

24B shows the linear correlation between the ratio V/V and the loga-
o 

rithm of the molecular weight of the proteins used as standards. Using 

these data as a standard curve and the measured V/V
0 

tor GSH-CoASSG 

transhydrogenase, the molecular weight of this enzyme was estimated 

to be 12,300. 

It is lmown that metal ions particularl.1' those of iron and copper 

catalyze the oxidation of sulthydryl groups (72). The close association 

of the GSH-CoASSG transhydrogenase activity with cytochrome c in the 

Sephadex G-100 experiment suggested the possibility that the porphyrin 

iron in cytochrome c might catalyze the sul.thydryl-disultide interchange 

between GSH and CoASSG. This possibility was tested 'bJ' using the 

standard spectrophotometric assay except that the transhydrogenase was 

replaced by cytochrome c or reduced c,-t,ocbrcme c. A cJ1;ochNme c 

sol.ution was adjusted to the same concentration as the GSH-CoASSG 

transhydrogenaee according to 200 mµ absorption measurements and 

assayed epectrophotometrical.17. No transhydrogenaee activity was 

found. When the same amount of cytochrome c was reduced by ascorbic 



A) 

Figure 24 

Chromatography of GSH-CoASSG Transhydrogenase and 

Other Proteins of Known Molecular 

Weight on Sephadex G-100 

The GSH-CoASSG transhydrogenase sample was a lyophilized, 

DEAE-purified preparation (see text) o Fractions containing pro­

tein shown by the solid curve were detected by their 280 mp. ab­

sorbance. GSH-CoASSG transhydrogenase activity shown by the 

broken line curve was detected using the standard spectrophoto­

metric assay. 

B) Detemination of Molecular Weight of 

GSH-CoASSG Transhydrogenase 

The ratio of the protein elution volume to the column void 

vo1ume (V/V
0

) obtained fran the data in Figure 24A is p1otted 

against the logarithm of the molecular weight of lmown proteins. 

The void volume, V , was assumed to be equal to the elution volume 
0 

of the peak tube in the elution of catalase. 
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acid and assayed no transhydrogenase activity was observed. Ascorbic 

acid itself' was tested in a standard spectrophotanetric assay and was 

found not to effect the cata~ic activity of the transhydrogenase. 

Therefore, it may be concluded that neither cytochrome c nor reduced 

cytochrome c has any any transhydrogenase activity, and the association 

of the transhydrogenase activity with cytochrome c in the Sephadex 

G-l.00 chromatogram is simp~ due to the similarity of the molecular 

weight of these two proteins. 

Michaelis Constants 

Since the reaction catalyzed by GSH-CoASSG transhydrogenase 

requires two substrates, the graphic method of determining the Michaelis 

constants in two substrate systems reported by Florini and Vestling 

(228) was used. Theoreticall:y, a reciprocal plot of 1/V against 1/(GSH] 

at, a constant CoASSG concentration gives a straight line intersecting 

the vertical axis at l/Vm for that CoASSG concentrati~n. A series of 

values of 1/V is obtained by using different concentration of CoASSG. 
m 

These 1/Vm values are replotted against the reciprocal of the CoASSG 

concentration at which they were obtained resulting in a straight 

line which intersects the abcissa at -1/KmCoASSG. A corresponding 

procedure gives -l/R'mGSH. 

The change in initial reaction rate as a result of vs.ring the GSH 

concentration was determined at different constant concentrations of 

CoASSG and ns,! versa. The spectrophotaetric assq was used in these 

experiments. The first experiment following this procedure gave the 

results shown in Figure 25A and 25B. Figure 2SA appeared to indicate 

that increasing the concentration of GSH increased the maximum velocity 



Figure 25 

Lineweaver-Burk Plots for the Two Substrates GSH and CoASSG 

of the GSH-CoASSG Transhydrogenase Catal~ed Reaction 

A) A plot of the reciprocal velocity versus the reciprocal CoASSG 

concentration at different constant GSH ccncentrations is showno 

The GSH concentrations used were Oo5 mM, ( 0 ) ; 2o0 mM, ( • ) ; and 

4o0 mM, ( e ) . The standard spectrophotometric assay was used 

(Figure 13B and l3C) except for varing the concentration ot CoASSG 

and GSHo 

B) A plot of the reciprocal velocity versus the reciprocal GSH 

concentration at different constant CoASSG concentrations is 

shown. The CoASSG concentrations used were Oo05 mM, ( O ) ; Ool mM, 

( e ) ; and Oo2 mM, ( e ) o The assay was as described for part Ao 
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and increased the K for CoASSG. Figure 25B appeared to indicate that 
m 

increasing the CoASSG concentration had no appreciable effect on the 

rnaxiJn,lDl vel.ocity but decreased the ~ GSH. The effects observed in 

these experiments appear to have been due to activation of the enm1Jlle 

by one of its substrates, GSij as described below. 

The resu1ts shown in Figure 25A suggested the possibility that 

GSH activates the enzyme. This possibility was tested by pretraating 

the enzyme wi.th 3.7 mM GSH in 0.2 M phosphate pH 7.6 at 25° for five 

minutes before conducting the spectrophotometric assq. Activation by 

GSH was observed. The time course of the activation is shown in 

Figure 26. From these data, a time period of activation of five 

minutes was chosen for al.l further experiments. Table VIII shows that 

pretreating the enmyme with 3.7 mM GSH as in experiment 2 caused ap­

proximately' a 3.6 f'ol.d activation compared to the nontreated enz12ne 

in experiment l.. When the enz1]lle was pretreated without GSH no activa­

tion was observed ( experiment 3). Experiment 4 shows that enz,me pre­

treated in 0.74 mM CoASSG was not activated. In experiment S, GSH was 

pretreated in the absence of the en1Jme prior to assq. No activation 

was observed under these conditions which indicates that the increased 

rate ot reaction observed after activation by QSH :1n experiment 2 was 

not due to the nonenm)'JD&tic oxidation of GSH to GSSG during the pre­

treatment period. 

The activated en1Jme also gave a linear relationship between the 

amount of enm1J11• protein and the initial reaction rate. This is shown 

in Figure 27. The same en1JD1• preparation was used in experiments shown 

in Figure 27 and Figure 17. 

The observation that the &nl'JDl& was activated b7 its substrate., 



Figure 26 

Time Course of Activation of GSH-CoASSG 

Transhydrogenase by GSH 

Twenty ndcrograms of enzyme were pretreated in 4.17 mM GSH 

under the conditions described in the text for different time 

periods as indicated. The activity of the enzyme was then 

assayed by the spectrophotometric method (Figure 13B and 13C). 
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TABLE VIII 

ACTIVATION OF GSH-CoASSG TRANSHYDROOENASE BY GSH 

Experiment 

a 
Standard assay 

Enzyme pretreated 
with GSHb 
Duplicate 

Initial rate 

A A 34Q mu/min 
0.048 

0.177 
0.180 

3. Enzyme pretreated 
with waterc 
Duplicate 

4. 

5. 

Enzyme pretreated 
with CoASSG 

GSH pretreated 
with water8 

0.035 
0.045 

0.040 

0.055 

8The standard assay contained a final concentration of 0.1 micro­
mole CoASSG, 0.5 micromole GSH., 20 micrograms transhydrogenase and the 
rest of the spectrophotometric assay reagents. For details see text 
and Figure 13B and 1.30. ·In all the experlJnents to be described the 
final concentrations of reagents at the t:lme of assay were identica1 
to the standard assay. 

bForty micrograms of enz,me were mixed with 0.02 ml GSH solution 
(50 mM) in 0.2 M phosphate buffer pH 7.6, final volume 0.27 ml. The 
mixture was incubated at 2;0 tor five minutes. An aliquot (0.135 ml) 
of th:Ls mixture was assayed. No additional GSH was added. 

0 Like experiment 2 except that the GSH solution was replaced by 
0.02 m1 of water in the premixture. An aliquot (0.135 ml) of the pre­
mixture was assayed with the addition of O.S micromole of GSH. 

dLike experiment 2 except that the GSH solution was replaced by 
0.02 m1 of CoASSG solution (10 mM) in the premixture. An aliquot (0.135 
m.1) of this mixture was assayed with the addition of the required 
amount of GSH. No additional CoASSG was added. 

8 Like experiment 2 except that the transh7drogenase solution was 
rep1aced by 0.2 ml of water in the premixture. An aliquot (O.l3S ml) 
of this mixture was assayed with the addition of 20 micrograms of enzyme 
so1ut1on which had not been pretreated. 



Figure 27 

Linearity of the Initial Velocity with the Concentration or 

GSH-CoASSG Transhydrogenase after Activation by GSH 

The spectrophotometric assay (Figure 13B and l3C) was used 

to assay an enzyme preparation purified through the DEA.E-column 

chromatography step (text) • The amount of enzyme as indicated 

was pretreated with 4.17 mM of GSH at 25° for five minutes prior 

to assay. For details of the activation procedure see the text. 
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GSH, 1ed to the reexamination of the ~ va1ues of both substrates as 

described above after the enzyme had been activated. 

ill 

The activation was performed in a manner similar to that described 

above except, that 0.1 ml of enz,me solution (20 µg protein) was first 

pretreated with 4.16 mM GSH in the presence of 0.1 M potassium phosphate 

0 
pH 7. 6 at 25 for five minutes directly in the assa:, cuvette prior to 

assay. The remaining spectrophotometric ass_ay reagents were added as 

described in Tab1e III except that the final amount or CoASSG and GSH 

was varied. Additiona1 GSH solution was added to the cuvette from a 

concentrated stock solution (50 mM) to make up the required final GSH 

concentration. CoASSG was the last reagent added to the cuvette. The 

Lineweaver-Burk plots of the data are shown in Figure 28A and 28B. 

The best .fitting l.ines have been obtained by least squares. The series 

o.f values or 1/Vm at different constant GSH concentrations obtained 

from Figure 28A and or 1/Vm at different constant CoASSG concentrations 

obtained from Figure 28B were replotted against 1/(GSH] and 1/ ~oASSG], 

respectively (Figure 280). Straight lines were obtained which cut the 

base line at -1/~ GSH corresponding to a Km tor OSH equal to 2.29 x 

10-4 M and -1/Kut CoASSG corresponding to a ~ tor CoASSG equal to 6.97 

x 10-5 M. The two lines obtained have essentiall.7 the same ordinate 

intercept which corresponds to the reciprocal ot the maximum velocity 

obtainable at in.finite concentration of GSH and CoASSG. The maxim.um 

velocity obtained from Figure 280 is equal ta a change in absorbance 

at .340 mµ/min/20 µg protein of 0.413 at 25° or 0.0665 pmoles/min/20 µg 

o.f protein. A previous section showed that the molecular weight ot the 

enzyme is 12,300. Therefore, 20 p.g protein corresponds to a minimum or 

1.625 x 10-3 micromoles of protein. The minimum molecular activity or 



Figure 28 

Determination of the K tor GSH and CoASSG 
m 

A) A plot o:f the reciprocal velocity versus the reciprocal. CoASSG 

concentration at different constant GSH concentrations is showno 

The GSH concentrations used were 0.5 mM, • ; 1.0 mM, e ; 2o0 mM, 

0 ; and 4.0 mM, '- • The assay conditions were identical to 

those described in Figure 26A except that the enzyme was first 

activated with GSH as described in the text. 

B) A plot of' the reciprocal velocity versus the reciprocal GSH 

concentration at dif'f'erent constant CoASSG concentrations is shown° 

The CoASSG concentrations used were 0.05 mM, • ; 0.1 mM, e ; and 

0 0 2 mM, o o The assay was as described above in part Ao 

C) A plot o:f the reciprocal maximum velocities obtained in 

parts A and B above versus the reciprocal of the appropriate 

constant concentration of GSH or CoASSG used is shown. From 

these data the ~ f'or GSH was 2.29 x 10-4 Mand the ~ tor CoASSG 

was 6. 97 x 10-5 M. The maximum velocity with saturating concen­

trations of both substrates was calculated to be equal to the 

formation of 3 .3 µmoles/min/mg protein or a m:f n~mum molecular 

activity of 410 
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GSH-CoASSG transhydrogenase calculated from these data is 40.9. 

Stability of :th!. Purified Q§J!.:CoASSG Transhydro'genase Ami Activation 

~GSH 

The stability of the DFAE-puritied enzyme to storage at -10° has 

been variable. One preparation was completely stable tor approximately 
.. 

six weeks but lost 70 percent of' its activity on storage for about 

seven months. Another preparation lost about 70 percent of its 
... 

activity during six weeks storage. The enzyme is unstable to f'reeze-

thawing and loses essentially all of its activity within f'ive successive 

cycles of freezing and thawing using a dry ice-acetone bath to freeze 

the enzyme and a 25° water bath to thaw it. The loss of activity on 

freeze thawing is not regained by preincubation with GSH. 

Two experiments have been conducted to find out at which step 
. . 

in the isolation procedure the enzyme acquired the property of' being 

activated by GSH. The results showed that activatio~ by GSH was not 
' 

acquired during the purification procedure. This finding suggested 

that GSH activation occurred only in an enzyme preparation after it 

had been stored. Thus the enzyme preparation described above which had 

lost 70 percent of' its activity in seven months was tested tor activa­

tion by GSH. The results indicated that the enzyme could be activated 

to 89 percent of its original activity. With other enzyme preparation 

described above which lost 70 percent of its activity in six weeks 

on1y 50 percent of' its original activity could be regained by activa­

tion with GSH. These results indicate that at least two types of' 

inactivation may occur on storage of the enzyme, one which is reversible 

by GSH and one which is not. 



CHAPTER V 

DISCUSSION 

The results reported in this thesis have led to the conclusion that 

the bovine liver nucleotide-peptide previously isolated (64) is the un­

symmetrical disulfide of coenz1Jlle A and glutathioneo The present results 

are in agreement with those previously reported (64, 65) except for two 0 

The first concerns the difference in results about the presence (64) or 

absence ( 65) of the unidentified n:inhydrin reactive component · in the 

acid hydro1ysate of the isolated CoASSGo It was found in this research 

that the presence or absence of this unidentified n:inhydrin reactive 

component in an acid hydro~sate or the isolated or synthetic CoASSG 

depends on the final purification procedure em.ployed. Hydro~sates of' 

CoASSG purified by electro~horesis in System l did not contain the un­

identified component; however, the same preparation or CoASSG yielded 

the unidentified component when it was subsequently chromatographed in 

System 2 prior to acid hydrolysis. Thus the unidentified component 
I 

previously reported (64) appears to be an artifact due to one method of 

purification and is not a canponent or CoASSGo The second difference 

concerns the value for the ninhydrin amino equivalents af'ter acid 

hydrolysis. The previous~ reported value (64) appears to have been 

slightly overestimat~do The unidentified canponent in the previous 

preparations of CoASSG presumably contributed to the number of amino 

equivalents determinedo In addition, in contrast to these studies, in 

ll4 
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the earlier studies no corrections were made for small amounts of nin­

hydrin-reactive materials liberated from the adenine moiety of the com­

pound during acid hydro~is. 

CoASSG and other disul.fide derivatives of coenzJme A previously have 

been observed in coenz,me A preparations (98, 103, 107, 108) isolated 

£ran biological. material.a. These compounds presumab]Jr are £ormed as a 

result 0£ direct oxidation of the appropriate sul.fhydry1 compounds or 

by a sul.fbydry1-diau1fide ex.change reaction probably between coenzyme A 

and another disul.fide. Whether the bovine liver CoASSG was originally 

present in the tissue or was fonned during sane phase of its isolation 

is, therefore, open to question. CoASSG might arise in the cell, how­

ever, by a direct oxidation between free CoA and GSH. Although most 

0£ the glutathione found in most cells is primarily in the reduced fonn, 

small. amounts of GSSG have been reported to occur (cited in 229)0 Thus, 

it is also possibl.e that CoASSG might be formed by a sulfhydry1-disu1fide 

interchange between CoA and GSSG •. 

In the study of the metabolism of CoASSG, a bovine kidney enz,me, 

GSH-CoASSG transhydrogenase, which catalyzes the sulfhydryl-disulf'ide 

exchange reaction between this disulfide and GSH with the formation 

CoASH and GSSG, was observed. This enzyme was found to be distributed 

in several rat tissues and has been partially purified from bovine kidney 0 

Al.though the enzyme has been purified 184 fold from bovine kidney the 

best preparations still catalyze the sulthydry-1-disulfide exchange 

reaction between GSH and several other disulfideso Black (179) has 

reviewed the subject of GSH transhydrogenaaes and has pointed out that 

it is not known whether there are several enzymes which catalyze a 

sulfhydryl.-disul.fide exchange between GSH and a particular disulfide or 
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whether a singl.e enzyme lacking a high degree ·of specificity catalyzes 

the observed reactions. For instance, Racker found that at a suitable 

concentration, cystine also serves as a substrate :or partially purified 

GSH-homocystine transhydrogenase (179). More recently, Tietze and Katzen 

(197) found that an electrophoretic~ hom.og·eneous preparation of GSH-

insulin tranehydrogenase also accelerates the· rate of reappearance of 

RNaee activity .foll.owing reduction of the latter enzyme· in 8 M ures.o In 

neither case has it been established whether the activities observed 

with two substrates were due to one or more than one enzymeo In order 

to find out whether the activity of GSH-CoASSG transhydrogenase on other 

disulf'ides was due to a single enm,me or due! to several enzymes with 

s:unilar activities, a heat denaturation ·experiment was performedo The 

results showed that the enzyme has essentially the same rate of de­

activation when CoASSG or several other mis,mmetrical disul.fides con­

taining a gl.utathione moiety were tested as substrate o The deactivation 

rates obtained with cystine and hanocystine·were ·different from that 

obtained with CoASSG as substrate·o These results indicate that the 

activity of the best enz,me preparation on those disulfides which contain 

a gl.utathione moiety may be due to a single enzyme. The activity ob­

tained with cystine and hanocystine is probably due to contaminat:ing 

enzymes in the GSH-CoASSG transhydrogenase preparationo There.fore, 

c;IBH-CoASSG transhydrogenase appears to be a different enzyme than GSH­

homo~ystine t ranshydrogenase. 

· The DFAE purified GSH-CoASSG transhydrogenase preparation is not 

active on insu1in and therefore appears to be a different enzyme than 

GSH-insul.in transhydrogenase. It is interesting to note, however, that 

the ~ value .for CoASSG using the former enzyme is 7 oO x 10-5 M is very 
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close to the K value for insu1in using the beet liver GSH-insu1in trans­
m 

hydrogenase which is 5.0 x 10-5 M. 

DEAE purified GSH-CoASSG transhydrogenase has been tested at several 

concentrations of enzyme tor its ability to substitute for or enhance 

the activity of the microsomal. enz,me which renatures reduced RNase. 

The sol.ubilized microsomal. enzyme was prepared according to Gol.dberger 

et al.. (205) o In neither type of experiment did the GSH-CoASSG trans­

hydrogenase cause a significant increase in RNase reactivation over 

that obtained in appropriate control experiments. Therefore, tentatively 

it may be concl.uded that the microsomal. enz,me which renatures reduced 

RNase and GSH-CoASSG transhydrogenase are different enzymes. 

Although several. enz,mes which catalyze sulfhydryl-disulfide ex­

change reactions have been reported, their physiological. function has 

not been establ.ished. One such enzJme which reactivates reduced RNase 

may function as a terminal reaction 1n the synthesis of RNase and 

perhaps other proteins by aiding in the · formation of the correct tertiary 

structure o The physiological role of GSH-homocystine transhydrogena.se 

and GSH-insulin transhydrogenase is uncertain. Similarly, the physio­

logical role of GSH-CoASSG transhydrogenase remains to be established 0 

Since the reaction is reversible, the possibility exists that it may 

function in the control of the level of the functional. or su.1.fhydryl 

form of coenzyme A in the cell. However, most tissues contain sufficient 

g1utathione reductase such that it the TPNH and glutathione reductase 

concentrations were adequate any CoASSG formed in the cell would be re­

converted to coenzyme A. This raises the possibility that the f'unction 

of the enzyme is to recover coenzJm.e A, which might be converted to 

CoASSG either by a direct oxidation or co enzyme A and gl.utathione or 
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by a nonenzymatic sulf'hydeyl-dieulfide exchange reaction between CoA and 

GSSG. 

The basic problem of the necessity of the transhydrogenase type of 

enzyme in tissues was questioned by Pihl ,n. alo (188) o They reinvesti­

gated the role of GSH in the mechanism of reduction of various disulfide 

compounds o Their results showed that a rat liver enm,me preparation 

containing g1utathione reductaee and TPNH source did not directly 

reduce disu1f'ides other than GSSGo The other disu1fides tested were 

reduced if' GSH was added to the reaction mixtureo They suggested that 

the reduction of these disul.fides occurred as a result of a two-step 

nonenzymatic sul.fhydryl-disulf'ide interchange reaction, which produced 

GSSG, coupled to g1utathione reductaseo Although they did not exclude 

the possibility of the occurrence of enzymes which might catal~e 

su1f'hydry1-disulf'ide reactions, they felt that the 11nonenmyma.tic" 

reaction rates between GSH and disul.fides were fast enough "to make 

the postulation of such enzynes unnecessaryo- 11 ·This suggestion has been 

criticized (179) because the experiments of Pihl !i alo (188) were con­

ducted under conditions which would not have detected an enzymatically 

catalyzed su1:thydryl-disu1fide reactiono Thus, their conclusion that 

such a reaction was nonenzymatic could have been erroneous o 

The resu1ts reported in this thesis with GSH and CoASOO show that 

the nonenzymatic exchange reaction takes place at a rapid rate only 

when the pH becomes relatively high. On the contrary the enz,ma.tical.1y 

catalyzed reaction occurs at a lower and more physiological pHo It 

even occurs at a pH value lower than that at which no nonenzymatic 

reaction occurso Thus, it appears that the enzymatic reaction may have 

significance at physiological pH valueso 
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GSH was :found to be an activator of GSH-CoASSG transhydrogenase in 

some preparations o:f the enzyme. Recent results suggested that the DFAE 

purified enzyme may be subject to deactivation by aging and that this 

deactivated enzyme is reactivated by GSH. This may be due to the oxida­

tion o:f one or more sulfhydeyl groups in the protein to f'onn an inactive 

disulfide :form o:f the enzyme. During the activation by GSH the disul.f'ide 

:form could be reduced to an active sulthydeyl f'orm of' the enzymeo These 

speculations are presented in one possible schematic f'orm in equation 

,-,SH 
protein 

°'SH 

active 

s 
ai.r > protein-:::J __ GS ____ H_~) protein~ 

SH 

SH 

inactive active 

(51) 

The protein might al.ternatively f'onn an inactive disulfide dimer which 

can be reactivated by GSH. 

A finding which bears on the enzyme mechanism was that the enzyme 

cataJ.~es an isotope exchange bet.;,eeri.' 35s-GSH ~d GSSGa Assuming a 

sulf'hydry1 form of the enzyme is the active f'orm, the following reactions 

would account for the observed exchange. 

SH 
protein.,....... + GSSG 

......._SH 

_,,,,S-SG * 
protein + GSH 

"SH 

S-S-G 
---~) protein....,.... + GSH 

'SH 

SH 
---~> prote~ 

'SH 
* + GSSG 

(52) 

(53) 

Coupling these two proposals, the mechanism of' the GSH-CoASSG trans-­

hydrogenase catalyzed su1f'hydryl-disulf'ide exchange between GSH and CoASSG 
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may be speculated to occur as follows: 

,__.....SH -S-S-G 
protein + CoASSG ) prote~ + CoASH (54) 

........_SH "SH 

.,.._.SSG SH 
prot e:in .__, + GSH ) protein"' + GSSG (55) 

SH 'SH 

Ra.11 and Lehninger (187) found that liver g1utathicne reductase had 

no activity on cystine or homocyst:lneo· Pih1 and El.djam (188) indirectly 

showed that several mixed disultides containing a GSH residue were not 

reduced by TPNH and g1utathione reductaseo In the present experiments 

some 0£ these observations have been confirmed and extended. Of the 

several symmetrica1 and unsymmetrical disulfides tested :ln Table VII 

only one, namely CoASSG, was found to oxidize TPNH at an appreciable 

rate in the presence of the g1utathione reductase preparation em.p1oyedo 

Whether this reaction is due to nonspecificity of glutathione reductase 

or to a sma11 amount ot a second enz,me specific for CoASSG remains to 

be establishedo 



SUMMARY 

The bovine liver nucleotide-peptide previously isolated and 

partially identified by Wilken and Hansen (70) was completely identi­

fied and was found to be an uns:vmmetrical disulfide of coeneyme A 

and glutathione (CoASSG). In the study of the metabolism of" CoASSG, 

an enzyme which catalyzes the reaction 

CoASSG + GSH, CoASH + GSSG 

was detected in several tissues tested. The enzyme was purified from 

bovine kidney approximate:cy- 184 fold in five percent yield. Its 

equilibrium constant is near unity at pH 6.9 and 25°. The pH optimum 

of' the enzyme is pH 8.2. The molecular weight of the enzyme determined 

by gel f'iltration is 12,300. The Michaelis constants or GSH and CoASSG 

a.re 2 • .3 x 10-4 M and 7 .o x 10-5 M, respectively. The activity of the 

enzyme with several disulfides other than CoASSG is discussed. 
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